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ABSTRACT 
Orni thine pl ays an important role in mammal ian intermediary 
metabo l ism.  Orn ithine can be (1) util ized as a component of the urea 
cycl e ,  ( 2 )  decarboxyl ated to form putres cine , a precursor of the 
polyamine s ,  sp ermidine and spermine , and ( 3 ) converted me tabol ically  
to  arg inine , prol ine and g lutamate . In  prior inve s t igations conducted 
in our l aboratories  and others , free endogenous hepatic  pools  of 
ornithine were found to be elevated fo l lowing hydraz ine adminis trat ion . 
Consequentl y ,  t ime - course al terat ions of arginas e ,  orni thine 
i - transaminas e ,  ornithine trans carbamyl a s e ,  and orni thine decarboxylase 
activit ies  were investigated regarding the e ffect o f  hydrazine trea tment 
on hepatic  ornithine metabol ism in the rat . As an outgrowth of thes e  
investigat ions , a time- course s tudy of the hep atic concentrat ion o f  
putrescine , sp ermidine and spermine was warranted . 
Ma le  alb ino rats (Ho l t zman) were inj ec ted wi th neutral ized 
hydraz ine (40 mg /kg , body weight , ip)  or i sotonic  s a l ine ( 1 . 0  ml /kg , 
body weigh t , ip ) and fas ted for various t ime s . The effects as cribed 
to hydraz ine treatment were based on the compari son of resul t s  from 
hydraz ine- treated animal s  with those obta ined from the sal ine - injected 
contro l animals . Maximal e l evat ions of endogenous hepatic ornithine 
pool sizes  were obs erved at 1 2  hr in sup ernatant  preparat ions ( 1 000% 
o f  control )  and at 24 hr in homogenate preparations ( 600% o f  control ) .  
Hepatic arg inase activity was found to reach its  nadir at 4 hr ( 70% o f  
contro l ) . Thus , arg inase d i d  n o t  appear to b e  respons ible for the 
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increased orni thine levels resu l t ing from hydrazine trea tmen t .  Hepatic 
ornithine I - transaminase  activity was decreased (40% of control )  at 
4 hr and th is  level o f  activity was sustained throughout the 24 hr 
p eriod examined . Hepatic  ornith ine transcarbamyl ase a ct ivi ty was shown 
to be decreased maximally  at 12 hr (40% o f  con trol ) . The decreased 
a c t ivities  o f  these latter two enzymes o ffers a p l au s ible  explanat ion 
for the increased hepatic  ornith ine l evels  fo llowing hydraz ine trea t­
ment . Al though a remarkable increa s e  ( 1 500% of contro l )  in orni thine 
decarboxylase act ivity was ob served at 4 hr , i t  was not thought to 
influence s igni fi cant ly the leve l s  of hepatic  orn i thine s ince the 
rela t ive act ivi ties  of the other enzymes involved in orni thine metabol ism 
have been shown by o thers to be con s i derab ly greater than orni thine 
decarboxylas e .  Thi s  increase in ornithine decarboxyl ase activity was 
fol lowed by s equential elevat ions in total endogenous hepa t i c  putres cine 
and then spermidine l evel s .  The total endogenous hepa t i c  sp ermine level s 
were not al tered excep t for a sl ight decrease at 48 hr . 
Regenerat ing l iver fo llowing partial hepatec tomy demonstrated 
al terat ions s imilar in magni tude , but with a d i f ferent time- course in 
the changes in these parame ters . Thes e  s imilari ties  along with other 
biochemical and morpholog ical a l terat ions es tab l i shed by others fol low­
ing ei ther part ial hepatectomy or hydraz ine treatment suggest tha t the 
lat ter may be tantamount to a " chemical" partial hepatec tomy . 
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INTRODUCTION 
Hydraz ine 
Hydraz ine (H2N-NH2 ) was first identi fied by Emi l Fischer in 1 8 7 3  
and twelve years later was isolated a s  the sul fate , dihydrochloride , 
and the aqueous solution of  the free base by Curtius ( 1 ) . In a paper 
describing th e patho logical e ffects of  hydrazine poisoning in 1 9 08 , 
Wel ls ( 2 )  descri bed hydrazine as a substance that was not l ikely to 
become so commonly used that it would  be  of  general toxicological 
importance . Hydraz ine and i ts derivatives rema ined as l i ttle  used 
laboratory chemicals mainly involved in the study of the structure of 
sugars (3) unti l  the p eriod encompassing World War II , when German chem­
ists used hydraz ine as part of the prop e llant for the worl d ' s  f irst 
operational rocket p lane , the Messerschmi t t  l63-B . Hydraz ine ' s  
exp losive power has been found to be one- third greater than tha t of  
TNT ( 1 , 4 ) .  In 1955 , i t  was stated that "if  man ever gets to the 
moon ,  it wi l l  not be atomic  fuels but hydraz ine whi ch will  power the 
space ship" (4) , a prophesy that was ful f i l l ed when the first lunar 
entry module used hydraz ine as a component of the propel lant fuel in 
i ts rocket eng ines ( 5) . In recent years more than two thousand 
derivatives of hydrazine have been produced , accomp l ishing tasks 
fami l iar to many of  the l ay public  (4) . These uses include the 
manufactur ing of nylon-l ike fabri cs ,  a non- corrosive so lder flux , and 
a preservat ive for rubber products , paint- drying oils,  or photographic 
develop ers . Benzene sul fonyl hydraz i de mixed wi th rubber behaves l ike 
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yeast in bread dough and is responsible for creating sponge rubber and 
crep e rubber ( 4 ,  6 ) . Other hydraz ine derivatives have been found which 
slow the rate of growth of p lants . This charac teristic  has been used 
to discourage grass growth and decrease lawn mowing 10- fold by the 
Connecticu t  Highway Department along the Merritt  Parkway ( 1 ,  4 ,  6 ) . 
Fina l l y ,  a whole  fami ly of  pharmacolog ical  agents have been developed 
from hydraz ine derivatives . Among the more widely used of these 
hydraz ine derivat ive drugs are isonicotinic acid hydraz ide ( INH) used 
in the treatment of tuberculosis ,  hydralaz ine ( l - hydraz inophthalaz ine , 
Apreso l ine)  used as an antihyp ertensive agent , procarbazine ( one of the 
methyl hydraz ine derivatives) used as an ant i tumor agent , and the 
n itrofurans inc luding Furadant in used in urinary trac t  infections and 
Furacin mixed wi th feed to prevent coccidiosis in pou l try . 
Associated wi th the vast variety of  biolog ical and pharmacolog ical 
e ffects of  hydraz ine and i ts derivatives is a definite prob lem of 
toxicity .  The vapors from hydrazine solutions were recognized to  be  
highly irri tating to the nasal and pharyngeal mucous membranes ( 3 ) . 
The influence of  hydrazine on intermediary metabol ism was recognized 
by Underhill  and Kle iner ( 7 )  in 1908 . In stressing the importance of  
th is observation ,  Wel ls ( 2 )  stated " the  lesions produced by hydraz ine 
are of  such a natur e that  this drug p romises to have a field o f  use­
fulness in certain metabol i c  and pathologi c  invest igations . "  
Underhi l l  and Kl e iner ( 7 )  described the g eneral e ffects of  
hydraz ine ( 100 mg/kg body wt , hydraz ine sul fate)  upon dogs as vomi ting , 
a period of  rest lessness , augmentation of  the heart rate whi ch l ater 
fal ls below normal and resp iratory diffi cu l ty accompanied by general 
paralysis, coma and death . Other symp toms of  hydraz ine poisoning 
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(50  mg/kg body wt , hydraz ine sul fate)  commonly observed in laboratory 
animals include anorexia , weight loss , decreased body temperature , 
weakness , and extreme l e thargy ( 3 ,  8, 9 ) . Higher doses of  the com­
pound w i l l  cause tonic  convulsions in the animals.  Krop ( 3 )  reported 
that  hydrazine appears to be  toxi c to all forms of  l i fe ,  and among 
higher animals there appears to be no marked sp ecies d i fference in 
sensitivity to the toxic action of hydraz ine . Apparentl y ,  the toxicity 
o f  hydrazine and i ts derivatives is independent of  the route of admin­
istration ( 3 ,  10 ) . After his histological study of the effects of 
hydraz ine on various organs in the dog , Wel ls ( 2 )  concluded that 
"hydrazine seems to be a p oison with an almost specific  e ffect upon 
the cytop lasm of the parenchymatous cel ls of the l iver . "  The most 
common patholog ical finding in response to hydraz ine is the pro found 
fatty metamorphosis in the l iver ( 2 ,  1 1 )  usually  accompanied by hypo­
glycemia ( 9 , 1 2 ) . Accumulat ion o f  l iver trig lycerides due to hydraz ine 
treatment was decreased approximately 50% by prior administration of 
the antioxidant d iphenyl 2-phenylenediamine even though the hypogly­
cemic e ffect of hydraz ine was not altered by this antioxidant ( 1 3 ) . 
O ther alterations in mammal ian metabol ism produced by hydraz ine 
include rap id dep letion of liver glycogen ( 1 1 ) , the accumulation o f  
urea and amino acid i n  brain, l iver and b lood ( 1 2 ,  14) , and elevation 
in  blood total l ip id l evels ( 1 5 ) . There have been many subsequent 
studies attempt ing to del ineate  the aberrat ions in metabol ism resu l t­
ing in these effects whi ch wi l l  be  summarized in the fol l owing dis-
cussion . 
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An exp lanation for the p eriportal and midzonal fatty infil tration 
of  the l iver ( 2 )  has b een desired for some time . Underhill  and 
Baumann ( 16 )  reported increased blood l ip id in dogs in 1 9 1 6 . Blood 
l evels of  fat were observed to be  maximal during the hypog lycemi c 
p eriod produced by hydrazine . Amenta e t  ale ( 1 7 )  observed tha t hydra-
z ine elevated l iver l ip ids to the same magni tude as was produced by 
the hepatotoxin , carbon tetrachloride . Trout ( 1 8) reported signi fi-
cant elevation of l iver total fat ty acid during the first two hours 
a fter hydraz ine administration to rats . Pl asma free fatty acid l eve ls,  
measured at  3 hr after hydraz ine treatment , were e l evated about 50%.  
In addit ion , when the p lasma free fat ty acid pool was labeled 
o h l4C 1 °to l4C 1 0 °d th 0 d k f W1t -pa m1 1C or -0 e1C aC1 s ,  ere was 1ncrease up ta e 0 
label into the l ivers of  hydraz ine- trea t ed rats compared to the ir 
respective controls ( 19 ) . Other data from this study indicated tha t 
the increased p lasma free fatty acids were derived from adipose depots . 
Furthermore , Trout reported that hydrazine did not block the hepatic  
secret ion of  triglycerides into the blood ( 18 ) . Therefore , the el eva-
t ion of p l asma free fat ty acids ,  which in fasting animals are considered 
to be the main source of fat for the l iver , appears to be of importance , 
especia l ly since " the rate of  transport to the l iver of  free fatty 
acids is bel ieved usual ly to be roughly proportional to the ir p lasma 
concentrat ions" ( 18) . Thus , accumulat ion of  l iver l ip id fol lowing 
hydraz ine treatment appears to be due to increased hepat i c  uptake of 
free fatty acids which have been mobilized from adipose tissue . 
Underh i l l  and co-workers investigated the hypoglycemia which 
accompanied the alterations in lipid metabol ism in response to 
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hydrazin e .  Their studies in dogs reveal ed an ini tial hyp erg lycemia 
followed by a persistent hypoglycemia (9,  20) . Fortney ( 2 1 )  found 
that these contradictory reports of hyp ergl ycemia and hypog lycemia 
were attributab l e  to differences in l iver glycogen l evels prior to 
treatment with hydraz ine . Animals with glycogen levels greater than 
one p ercent o f  the l iver by weight exp erienced an ini tial hyp erg ly­
cemia and eventual hypog lycemia; however , when l iver glycogen levels 
were l ess than one percent , hyp og lycemia was evident with in 15 minutes 
a fter receiving hydraz ine . Addit iona l l y ,  in this study , For tney noted 
that glucose infusion did not al ter the observed decrease in glycogen 
l evels,  the concurrent increase in blood lactate and pyruvat e ,  or the 
onset o f  convulsions , thus indicating that these effects were not 
secondary to the depression in blood g lu cose leve ls . 
Underhill  and Mur l in ( 2 2 )  observed an increased resp iratory 
quotient in fast ing dogs receiving hydrazine and conc luded that the 
assoc iated hypoglycemia was probab ly due to increased g lucose oxida­
t ion . However , Izume and Lewis ( 1 2 )  could no t show an increased 
util ization of glucose in hydrazine- treated animals when comp ared to 
appropriate control animals . In another study , these workers demon­
strated a decreased abi l i ty of the l iver to convert g lycine and 
glucose to g lycogen in hydrazine- treated rabb i ts ( 14) . The inab il ity 
to deamina te glycine , as shown in this study , suggested that normal 
amino acid deamination does no t occur and there is a consequent fai lure 
in the format ion of a-keto ac ids needed for gluconeog enesis . In l ight 
of  these observations , a decrease in gluconeogenesis in resp onse to 
hydrazine intoxication was proposed to account for the hyp og lycemia . 
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More recentl y ,  this inhibition of g luconeogenesis by hydraz ine was 
demonstrated in rats , accompanied by increased blood lactate and 
pyruvate  levels (23 ) . 
S ince transamination , the initial  step for the entry of amino 
acid into the gluconeogeni c  p athway , utilizes pyridoxa l phosphate  as 
a co factor , and since hydrazine is known to react with the free 
a ldehyde group of pyridoxal phosphate , the possibi l i ty of the inhibi-
t ion of the transaminat ion react ion by hydraz ine was postul ated to 
account for the decreased hepatic  gluconeogenesis ( 2 3 ,  24) . Besides 
reacting directly  with the B6 vitamin with the formation of pyridoxal 
hydrazones ( 2 5 ) , hydraz ine has been found to inhibit the phosphoryl-
at ion of pyridoxal by pyridoxal kinase (26 ) . In vitro studies have 
shown that hydraz ine and a number of i ts derivat ives inhib i t  trans-
aminat ion ( 1 5 ) . Ki l l am and Bain ( 2 5 )  showed that inhibit ion of pyri-
doxal phosphate- requiring enzymes could b� reversed by addit ion of the 
B6 vitamins . In vivo invest igations by Fortney e t  al e ( 23 )  revealed 
strong inhibi tion by hydraz ine of  extrami tochondrial g lutamic-
oxalacetate transaminase . Other workers ( 2 5 )  have shown that this 
in vivo inhibi t ion is no t a generalized phenomenon . 
Fortney ( 2 3 )  suggested the conversion of pyruvate  to phosphoenol-
pyruvate  could be of  importance in  exp laining the decreased gluconeo-
g enesis in response to hydraz ine . More recently Ray e t � . ( 27 )  
reported increased l evels of  l iver oxal acetate fol lowing hydraz ine 
treatment which they a t tributed to the in vivo inhibition of the 
conversion of oxa lacetate to phosphoenolpyruvate by phosphoenolpyruvic 
acid carboxylase. With this knowledg e ,  an exp lanation for the decrease 
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in gluconeogenesis from both amino acid and pyruvate was availab l e  
which would account for the observed hypoglycemia .  
Increased levels o f  blood amino acid ni trogen in rabbi ts observed 
by Lewis and I zume ( 14) suggested that poisoning by hydrazine resul ted 
in a disturbance of protein met abolism . Orig ina l ly , in 1 944 , Louis and 
Lewis (28)  found no change in the composi tion of rabb i t  l iver , muscle 
and kidney proteins ,  but their resul ts were based on unaltered p er-
centages of  nitrogen and sul fur in  protein and not  actual prote in con-
tent . 1 4  . 14 Using the non- essential amino acids 1- C-glyc�ne or 1- C-
alanine , Amenta and Johnston ( 2 9 )  reported increased incorporation of 
amino acid into protein of l iver slices from rats five hours fo l lowing 
hydrazine treatment compared to appropriate control animals .  Elevat ion 
o f  both l iver protein and RNA contents ( compared to fasted control 
animals) occurred 24 hr a ft er treatment with hydraz ine ( 30) . S ince 
fasted animals were used in th is study , these increases in hepatic  
protein and RNA could not  be  ascribed to nutr i tional factors . Amenta 
and Johnston ( 2 9 )  suggested that the enhanced incorporation of l abeled 
non- essential amino acid into protein was secondary to the inhibi t ion 
of transamination by hydraz ine as ment ioned above . Banks ( 3 1 )  has 
suggested tha t  the al terations in the levels o f  amino acids , especially 
ornithine , citrul line and alanine , as reported by S imonsen and Roberts 
( 32 )  for mi ce and Banks ( 3 1 )  and Banks and Petterson ( 3 3) for rats , can-
not be ascribed exc lusively to ei ther a g eneral inhibi t ion of l iver 
transaminat ion or to a l terations of hepatic  protein biosynthesis . 
In order to determine accurately whether increased protein bio-
synthesis occurred , ana lysis of hepatic  amino acid pool si z e  was used 
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to correct any f luctuations in the concentration of  the labeled amino 
acid used in the study . Finding that the free endogenous pool size of 
leuc ine does not vary with hydraz ine treatment , Banks ( 3 1 )  and Smith 
( 34) used l4C- l eucine to show increased uptakes into liver protein at 
24 hr as a result  of  hydraz ine administration . The increased prote in/ 
DNA and RNA/DNA rat ios coincident w i th the increased uptake of leucine 
fol l owing hydraz ine treatment supported the contention that a subcon-
vulsive dose of hydraz ine st imulated hepatic  protein synthesis in vivo , 
especial ly since the protein/RNA ratio did not differ from the contro ls . 
In a t ime- course study of  the e ffects o f  hydraz ine on the up take of 
l4C- leuc ine into l iver protein , an initial  decrease in incorporation 
of  the l abeled precursor at 4 hr was observed in both the control and 
hydraz ine- treated groups ( 34) . 
/ 
Lopez-Mendoza and Vi l la-Trevino ,  (35 )  
14  14  
using either C- l eucine or  C-g lycine , showed a marked inhibition of  
the  incorporation of  amino acid into hepatic  protein in vivo wi thin 
30 min a fter g iving hydraz ine when compared to corresponding control 
animals.  In  this study , inhibit ion reached a maximum at 1 hr  and 
returned to 50% inhibition by 8 hr . Increased protein biosynthesis 
in other organs has been indicated by greater incorporat ion of 
14 C-glutamat e  into the protein fract ion of  l iver , kidney and bra in 
24 hr after hydrazine treatment compared to control anima ls ( 36 ) . 
Thus , i t  app ears that fol l owing treatment there is an initial period 
of  decreased synthesis for both hydrazine- treated and control animals 
fol lowed by a signifi cant stimulat ion of the machinery for protein 
synthesis in  the animals treated with hydrazine . Banks ( 3 1 )  pre-
sented data to suggest tha t the amino acids required for this increased 
protein synthesis are provided by mob i l ization o f  protein reserves 
from ske letal muscl e  mass . 
Ornithine Metabol ism 
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The bui ld up of  ornith ine in rat l iver described by Banks is 
interest ing because of the importan t  role orn i thine p lays in mammalian 
biochemistry. Metabol i c  interconversions between orn i thine and 
arg inine , glutamic acid and prol ine are known to occur . Orn i thine , 
as a component of th e urea cyc l e ,  is invo lved in ni trogen metabol ism , 
especial ly catabol ism of  amino acid nitrogen . Orni thine also may be 
decarboxylated to form putrescine ( 1 , 4-diaminobutane) , a precursor 
for polyamine biosynthesis via a pathway currently receiving much 
at tent ion in investigations surrounding cancer research . I t  wi l l  be 
the intent of  this study to provide an exp lanation for the e l evated 
hepatic  ornith ine pool size by studying the various metabolic  path­
ways in whi ch orn ithine is a parti cipant in the rat l iver ( Figure 1 ) . 
Each of  these relationships is discussed in this sec tion and in the 
fol lowing sec tion on polyamines with an attemp t made to p reserve the 
chronicity of the events . 
The structural simi lar i t i es of  the amino acids prol ine , hydroxy­
prol ine , and glutamic acid wi th orni thine have been recognized since 
the time these compounds were identi f i ed as consti tuents of  protein 
( 37) . Using phlorhizin- induced diabetic  dogs , Dakin ( 38 )  and Lusk 
( 3 9 )  observed tha t  p rol ine , g lutamic acid,  arginine , and 'orni thine 
were a l l  glucogenic; and therefore these amino acids were thought to 
be related metabo l ically as wel l  as structura l l y .  
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� Jaffe was the first to discover the "base" , ornithine , and 
described i t  as having the formula C5H1 2N2 02 in 1877  (40 , 41 ) . Fol l ow-
ing the discovery of arg inine by S chulze  and S t e iger in the cotyledons 
o f  lupine seeds and in the etiols o f  g erminating pumpkin seeds in 1887 
(42) , Drechsel reported in 1890 , that arginine yielded urea and orni-
thine on decomposit ion wi th baryta water (43) . In 1898 , S chul z e  and 
Winterstein also showed that arginine yielded urea and a "base" on 
treatment with baryta water (42) . They then isolated the "base" by 
forming i ts benzoyl derivat ive and found i t  to have the same composi-
t ion and propert ies as the "base" described by Jaff{ (42) . In the 
ear ly 1900 ' s  both Fischer and Sorensen synthesized orn i thine , and 
El l inger showed that this synthesized compound yielded putrescine on 
putre fact ion corroborating the structure of Jaff� (41 ) . In 1 904 , 
Beebe and Buxton (44)  described orn i thine in their text as being 
a- a - diaminovaleric acid which cou ld be acted upon by bacteria to 
sp l i t  off  the CO2 leaving putrescine . These bases and their oxidative 
products were then called "ptomaines" by Gautier (45 , 46) . 
In 1 940 , the conversion o f  deutero ornith ine into arg inine , 
prol ine and glutamic acid was reported using mice fed normal diets 
(47 , 48 ) . Later work from these laboratories showed that both deuter­
ium and isotop ic  nitrogen ( 1 5N) from prol ine fed to rats as part of  a 
regular diet could be found in ornithine , arginine , and glutamic acid 
(49) . Al though the metabolic  conversion o f  g lutamic acid to prol ine 
had been suggested , i t  was not unti l 1947 that indirect evidence for 
the in vivo conversion of g lutamic acid to prol ine or arginine was 
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reported as part of  the  nutri tional studi es done in Rose ' s  labora-
tory ( 50 ) . 
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Later , with the use of 5 - C-g lutamic acid,  di rect 
evidence was furnished for i ts in vivo conversion into prol ine and 
arg inine ( 5 1 ) . Thus , studies del ineating the metabol i c  interconversion 
of orn i thine , arg inine , p ro l ine and glutamic acid were comp leted .  
Al though the occurrence o f  the biolog i cal formation o f  urea had 
been known since 1874 ( 52) , the steps involved in i ts biosynthesis 
were not estab l ished unt i l  many years therea fter . Richet was the first 
to observe the existence of urea-producing ferment in the mammalian 
l iver in 1894 (53 ) . In 1904 , Kossel and Dakin showed that the formation 
o f  urea from arg inine was due to the action of a speci fic  t issue fer-
ment whi ch they named arg inase ( 54) . In 1 9 1 4 ,  Clementi  proposed the 
wel l  veri fied rul e  " that arg inase occurs in the l ivers of vertebrates 
tha t have ureo t e l i c  metabolism , but not in the livers of  animals that 
have a uricotelic  metabo l ism" ( 53) . Mammal i an l iver has been described 
as the best source of arg inase . The mammary g l and has been found to be 
second in arg inase content ,  fo l lowed by the testes and kidney; traces 
have been found in a l l  body fluids and t issues o f  mamma ls (53 ) . 
Exp eriments by Dounce e t  al . ( 5 5 , 56)  showed that arginase is 
found in both the nuclei  and cytop lasm of mammalian liver cells .  Other 
characterizat ion of arginase has been done in Greenberg ' s  laboratory 
( 5 7 ) . Krebs and Henseleit  included arginase as a component of  their 
ornithine cyc l e  in 1 9 32 ( 58 ) , thereby showing the physiological sig-
ni ficance  of  i ts p resence in the l iver . However , as of  1952 , Greenberg 
wrote  " the physiological signifi cance of arginase found in o ther 
t issues , e . g . , kidney and testes , is as yet unknown" (53 ) . The 
1 3  
presence o f  argina s e  i n  extra-hepatic  mammal ian tissue would sugge s t  
another physiological r o l e  bes ides that i n  the orni thine cycle . A 
possible  role could  wel l  be tha t o f  p roviding orni thine for the con­
vers ion to putrescine for polyamine biosynthes i s  ( 5 9 ) . This wi l l  be 
discussed later in this s ectiono 
The ornithine cycle proposed by Krebs and Henseleit  ( 58 )  and 
ment ioned briefly above , was a three reaction s equence wh ich has been 
expanded and is now more commonly known as the urea cyc le. They 
described the series of reactions as fol lows (58):  
I .  
II . 
I II .  
R - CH2NH2 + CO2 + NH3 = R- CH2NH- CO-NH2 + H20 
Ornithin + kohlensaure + Ammoniak = Citru l l in + Was s er 
R- CH2NH- CO-NH2 + NH3 
Ci tru l l in + Ammoniak Arg inin + Wa s s er 
R ' CH2NH ' C ( : NH) NH2 + H20 = RoCH2NH2 + CO (NH2) 2 
Arginin + Wa sser = Ornithin + Harns toff 
R = CH2·CH2·CHNH2oCOOH 
In the experiments  l eading to the ir proposed cyc le , Krebs and 
Henseleit  used l iver s l ices a fter the earlier work by Warburg sugges ted 
the idea that s liced material might " lend i t s e l f  to the s tudy of tis sue 
metabol i sm and i t s  intermediary s tages , including s ynthetic proces ses"  
( 52 ) . They a l so reported tha t  in  their  inves tigation wi th rat tissues , 
the l iver was the only organ in which their method o f  urea synthe sis  
was  found . The work o f  Gorna l l  and Hunter ( 60) he lped to  confirm the 
hypothesi s  of Krebs and Henseleit . They reported in 1943 , (a )  that 
ci tru l l ine produces the s ame kind of catalyt i c  e ffect as ornithine , 
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and (b) that when orni th ine acts  as  a catalys t ,  it actually does form 
citru l l ine . 
By the late  1 940 ' s , enough knowledge had been accumulated to 
enabl e  urea to  be  synthesized in l iver homogenates  ( 52 ) . Synthes i s  of 
citru l l ine from orni thine in l iver homogenates was first observed by 
Borsook and Dubnoff ( 6 1 ) . Later work by Cohen and co-worker s ( 62 ,  63 , 
64 , 65 , 6 6 ,  6 7 )  a ttempted to further characteri z e  the convers ion of 
ornithine to c i trul l ine . I t  was not unt i l  a fter carbamyl phosphate 
had been synthes iz ed by Jones et  ale ( 68 )  tha t  Cohen ' s  l aboratory 
identi fied carbamyl phosphate as an intermediate compound for the 
synthesis  of c itru l l ine (69 , 70 ) . 
Final ly , in 1957 , Burne t t  and Cohen ( 7 1 )  reported the parti a l  
puri fication from b e e f  l iver o f  the enzyme catalyz ing the trans fer of 
carbamyl phosphate onto orni th ine and named i t  carbamyl phosphate­
orni thine transcarbamyl ase . At nearly the same time , Reichard ( 7 2 )  
puri fied the s ame enzyme from r a t  l iver whi ch he named orn i th ine 
carbamyl trans feras e  and s tated that i t  was identical to the ci tru l l ine 
phosphorylase des cribed by Krebs ( 7 3) . S ince  that time , orni th ine 
transcarbamylase activity has been found in the l ivers of a l l  ureotel ic  
vertebrates (74) , but  i s  absent  in the l ivers o f  birds and mos t  fish 
( 7 5) . It  has not been detected in any mammal i an t i s sue other than 
l iver ( 74) . According to avai lable  evi dence ,  thi s  enzyme appears to 
be mitochondrial  in i t s  subcel lular location ( 7 6 ) . The importance of 
ornithine trans carbamylase as described in thi s present  s tudy is not 
i t s  rol e  in the urea cycle bu t i t s  involvement with the u t i l izat ion o f  
orni thine as  a substrate . 
1 5  
The interconvers ion o f  orni thine t o  glutami c a c i d  and proline 
as demons trated by isotope techniques has been mentioned earlier . 
Wi th the dis covery o f  the transamina tion react ion by Braunstein and 
Kr itzmann in 1937  ( 7 7 ) , a mechani sm for the interconvers ion was made 
apparent . More speci fic evidence for the participat ion of the individual 
amino acids , including ornithine , in the transamination reaction was 
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furnished by Cammarata and Cohen ( 7 8 ) . Utiliz ing the N isotop e ,  
S tetten ( 7 9 )  proposed that ornithine , glutamic acid and proline were 
met aboli cally linked through the i- transamination of orni thine wi th 
the possible intermediates o f  glutami c y - s emialdehyde and i t s  spon­
taneous cyclization produc t , 41-pyrroline- 5 - carboxylic aci d .  The 
presence of ornithine �- transaminase (OTA) activity in rat liver homo-
genates  was shown by Quastel and Wi t ty (80)  in 1 95 1 , who sugges ted 
that the enzyme "may occupy a signi ficant  place in hepatic  amino acid 
me tabolism" . In 1 954 , Me ister (81)  reported fur ther work on OTA 
activity and provided evidence for the formation o f  the intermediate 
glutamic y - s emialdehyde .  In 1963 , Peraino and Pitot (82) partially 
purified the enzyme from various rat t i ssues and repor ted some general 
properties o f  OTA whi ch was determined to be localized in the mito-
chondria . In the reaction catalyzed by thi s enzyme the formation of 
the products , glutamic y - s emialdehyde and glutamate  i s  favored , 
probably because  o f  the spontaneous convers ion o f  the glutamic  
y - s emialdehyde to AI-pyrroline - 5 - carboxylic acid ( 8 3 ) . Although 
Katunuma et al . (84)  s tates  that there is a requirement for pyridoxal 
phosphate , S trecker ' s  (83 )  work demons trates that exogenously added 
pyridoxal phosphate is  needed to reactivate the enzyme after periods 
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of s torage ,  but is  not  c learly needed to  demonstrate enzyme activity 
in fresh enzyme preparations when assayed immediately after preparation .  
S ince Raina (85 )  was unab l e  t o  show any radioactivity in polyamines 
a fter admini stering l4c- labeled prol ine in chi ck embryos and Janne and 
Raina (86)  had s imi l ar resu l t s  after inj ecting l4C-g lutamate in normal 
and partially hepatectomized rats , OTA apparently do es not p lay a 
direct role in shunting ornithine into the polyamine b iosynthe tic 
p athway. Therefore , i f  OTA were to p lay a regul atory role in orni thine 
metabolism,  it woul d  act  by competing wi th ornithine transcarbamylase 
and ornithine decarboxylase for the available ornithine as  its  sub-
s trate ( 5 9 ) . 
Ornithine decarboxylase is  the mos t  recent of the mammal ian enzymes 
utilizing ornith ine to be s tudied . Initial  investigations of thi s  
enzyme were carried out i n  bacterial sys tems . I t  has been recognized 
for some time that putres cine cou l d  be formed as a product o f  "putre-
faction" o f  ornithine (41 , 44) . However , prior to the work o f  Gal e  
( 8 7 )  i n  1 940 , l i t t l e  information concerning the actual process , 
organism or enzymes involved had been reported.  Gale (88 )  s tudied 
the a ctivities o f  the d i fferent decarboxylases in E .  col i  and reported 
their requirement for pyridoxal phosphate as a coenzyme . The orni thine 
decarboxylase activi ty s tudied by Gale  was found to be an indu ced 
enzyme , requiring specialized cu lture medium for its presence ( 8 9 ) .  
In 1965 , Morris  and Pardee ( 90 )  reported the activity o f  a constitutive 
ornithine decarboxylase which they re fer to as the "biosynthetic 
enzyme" . Thi s  "biosynthetic" orni thine decarboxylase activity wou l d  
account for the p roduction o f  putrescine normal ly found in� . col i . 
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They s tate that the induced ornithine decarboxyl ase ac tivity s tudied 
by Gale probab ly s erved a catabolic  function . Morris and Pardee ( 91 )  
l ater showed that i n  E .  col i  there were two routes o f  synthesizing 
putres cine . In addit ion to th e  decarboxylation of orni thine to form 
putrescine directly,  E. col i  also  has an enzyme sys tem capabl e  o f  - --
decarboxylating arginine t o  form agmatine . Then agmat ine is acted on 
by agmat ine ureohydrolase  to form putrescin e  and urea . 
Al though there have been repor ts o f  diamines , including putrescine 
in urine of cys t inuri c  patients from as far back as 1 8 9 3  (92) , mos t  
observers cons idered that the diamines were bacteria l  degradat ive 
products . During the s ame p eriod , the formation of putrescine and 
C02 from ornithine was reported , but inves t igators con s idered it an 
" a l imentary" diaminuri a  (41 , 9 3 )  in whi ch the ingested amino acids did 
not undergo comp lete oxidative des truction . In 1900 , S imon ( 94) 
reported on the top i c  o f  cys tinuria  and diaminuria  in an arti c l e  which 
has app arently been over l ooked . He cons idered tha t the format ion of 
diamines in body t i s sues in the absence o f  putre factive organisms was 
very p robab l e .  I n  support o f  this  statemen t ,  h e  obs erved tha t  intes-
t inal antisep s i s  did not alter the excretion o f  the diamines . The 
signifi cance  of S imon ' s  work is dramatized by the fact that in 1 965 , 
Mei s t er reported that " the decarboxylation o f  ornithine to putrescine 
is catalyzed by b ac terial preparations and no evidence has yet been 
obtained for the occurrence of thi s  reacti on in animal t i s sues"  (95 ) . 
The earl iest  report o f  b iosynthe s i s  o f  diamines and polyamines 
by animal t i s sues was an abs tract by Tabor et al . ( 9 6 )  in 1 9 5 6 ,  
indicating a sma l l  incorporation o f  l abeled putrescine into the 
polyamines ,  predominantly spermidine , o f  minced rat prostat e .  No 
incorporation was observed us ing minced liver , mus cle ,  spleen , or 
kidney . In a review o f  the top i c  o f  polyamines in 1964 , Tabor and 
Tabor ( 9 7 )  s tate "no evidence for the biosynthe s i s  o f  polyamine in 
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mammals has been repor ted ,  excep t for a preliminary report" , the latter 
clau s e  referring to the above abs tract ( 9 6 ) . They s tate  tha t the 
presence of polyamines in mos t  animal tissues is not necessarily indica-
tive of their biosynthes i s  in thos e  tis sues s ince the compounds could 
be derived from the diet or intes t inal flora . 
Although increas ed incorporation o f  intraperitoneally injected 
l4e- ornithine into hepatic  putrescine and spermidine a fter p artial 
hepatectomy in rat s was reported by Janne (98 ) , the initial assay for 
ornithine decarboxylas e activity from animal sys tems was done in a 
o f Eh 1· h . 1 1  tOl· · l4e 1 0 hO h susp ens�on 0 r �c  asc�tes ce s u � �z�ng - - orn� t �ne as t e 
subs trate and trapp ing the evolved l4eo2 ( 9 9 ) . Putres cine synthesis  
in a cell- free p reparation o f  mammalian t i s sue  was no t des cribed until 
Pegg and Williams-Ashman ( 1 00) reported their work on the activi ty of 
rat prostate ornithine decarboxylas e  ( ODe)  in 1968 . This prostatic 
ODe was found to be a soluble enzyme with an absolute requirement for 
pyridoxal phosphate as found in the bacterial systems des cribed above . 
Immediately aft er the report o f  pro s tatic  ODe activity , Janne and 
Raina ( 1 0 1 )  reported the pres ence of ODe activity in rat liver and 
demons trated an increased activity in regenerating liver following 
parti al hepatectomy of rat s . In a later work ( 10 2 )  they parti ally 
purified and further charac terized ODe from regenerat ing rat liver , 
finding a pH optimum o f  7 . 4  and activation by mercap toethanol , 
19  
sugges ting the importance of SH  group s for activity. More recently, 
the presence of thiol compounds in both the homogenization and as say 
media  has been used to produce greater ODe activity due to increased 
stability of the enzyme fol lowing puri fication and storage ( 103) . 
Shrock et a l .  ( 1 04) repor ted that although mercap toethanol has been 
shown to s t imulate the activity of parti al ly puri fied ODe preparations , 
i t  had no effect on their fresh enzyme preparations . The ODe activity 
reported in most  of the s tudies in the current literature were determined 
by assay procedures in which thiol addit ives to both the homogenization 
and as say media were not us ed; al though for opt imal activity either 
dithiothreitol or mercap toethanol should be added (89)  and probably 
will be used in future investigations involving this enzyme . 
Rus sell  and Snyder ( 105) , utilizing either puromycin or cyclohexi­
mide to inhibit  protein synthe s i s ,  showed that ornithine decarboxylase 
had a half- l i fe of about 11 minutes in both normal and regenerating 
rat l iver . This extremely short hal f- l i fe appears to be the shortest 
half-li fe repor ted for any mammalian enzyme . In 1972 , Friedman et al . 
( 1 06)  reported a purificat ion procedure for ODe from regenerat ing rat 
liver fol lowing p artial hepatectomy and stated that they had prepared 
an antibody agains t the enzyme which gave a s ingle precip itin l ine on 
Ouchterlony p lates . I f  this procedure becomes accep ted , it will allow 
a new approach for investigating the mechanism behind the rap id changes 
in the level of ODe following various stimuli . The importance of ODe 
can be inferred from the fact that polyamines have been found in all 
procaryotic and eucaryotic cells ( 107) . Al though its activi ty is 
a lmost non- detectable in s tatic or non-growing tissue s ,  ODe appears 
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to catalyze the only rou te for pu tre sc ine s ynthes i s  in animal tis sues 
( 1 08 ) . 
Al though arginine-g lyc ine amidinotrans ferase ac tivi ty is  found 
in primate  liver , kidney , and p ancreas , i t  is abs ent from liver tis sue 
of rats , rabbits and dogs ( 1 0 9 )  and will not be discussed further in 
this study . 
Polyamine Me tabolism 
Although re ference has been made to polyamine s during the discus s ion 
of ornithine decarboxyl as e ,  an additional sect ion has been devoted to 
thi s top i c  becaus e  of their imp ortance to the change s  observed in orni­
thine metabol ism in the present study .  
The polyamines , spermidine and spermine , are non- protein , a l iphatic , 
nitrogenous bases which along with their diamine precursor , putrescine , 
have been known as normal t i s sue constituents  for many years . I t  has 
only been within the last  twenty years that the dis tribution of these 
compounds has been known to extend to all l iving organi sms ( 1 10) . In 
the ramaining sections o f  this s tudy the term "polyamines" will des ig­
nate a l l  three of these amines , putre scine , sp ermidine and spermine . 
The fir s t  report o f  the occurrence o f  a polyamine in animal tissue 
can be found in a let ter by Anton van Leeuwenhoek to the Royal Society 
in 1677 of which a port ion o f  the text is reprinted in a review by 
Tabor and Tabor ( 9 7 ) . Leeuwenhoek described the crys tals  that he 
observed in human s emen that had been s tanding for s ome t ime . Thes e  
were presumab ly spermine phosphate al though s everal names have been 
applied to them including "Bottcher ' s  crys tals , "  " Charcot-Leyden 
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crystals , "  and " Charcot- Robin crys tals , "  until the term " spermine" was 
first used in 1888 ( 9 7 ) . Putrescine was first found during the l ate 
1800 ' s  in decompos ing animal material ( 9 7 )  and in urine o f  cys tinuric 
p atients  ( 9 2 ) . Spermidine was discovered and identi fied by Dudl ey and 
co-workers in 1927  ( Ill) . 
The distribution o f  spermine in various mammalian organisms was 
later demonstrated by Dudl ey and Ros enheim ( 1 12 ) . Ox p ancreas was 
found to have 2 5 - 30 mg spermine phosphate/lOO g fresh tissue while the 
l iver , kidney and spleen had lesser quant ities . The riches t  source of 
spermine that they noted was human s emen (260 mg spermine phosphate/lOO g 
s emen) , yet none o f  th is base wa s found in bull s emen . Harrison ( 1 13) 
as certained that the spermine in human semen was derived from the pros­
tate gland whi ch contained 1 30 mg sp ermine phosphate/lOO g tissue . The 
wide range o f  dis tribution o f  sp ermine and sp ermidine in smal ler labora­
tory animals was s tudied later by Rosenthal and Tabor ( 1 14) . Although 
found in all tissues , putrescine , the main aliphatic amine in bacteria 
and bacterial viruses , was found to be in very low concentrations in 
fresh animal tis sues when compared to sp ermidine and spermine levels 
(98) . Elucidation-o f  the intracellular distribution o f  the polyamines 
has presented certain technical di ffi culties  becaus e o f  the high 
affinity o f  these  po lycations for nucle ic acids and phospholip ids lead­
ing to a s econdary redis tribution during and a fter tissue homogeniza­
tion ( 8 5 ) . 
The phys iological importance of the polyamines was first demon­
s trated by Herb s t  and Snell ( 1 15 )  who showed tha t they were required 
for growth of certain microorganisms . Polyamines are known to exert 
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a stab i l i z ing effect on certain bacteria ,  protop las ts  and bacterial 
cell walls  and on mi tochondrial preparat ions , p robably due to their high 
affinity for cel lular consti tuents with acidic groups (85) . Cohen 
and Lichtens tein ( 1 16 )  us ing radioac t ive ly l abeled polyamines , showed 
that polyamines were at tached to ribosomes prior to cel l di srup tion 
and not absorbed onto ribosomes in s igni ficant  amounts  after the formation 
o f  the extract from E .  co l i .  The comp l exes formed by polyamines with 
nucleic  acids have been shown to be s table over a wide pH range and 
to protect  the nuc l e i c  acids aga ins t denaturation and enzyma t i c  
des truct ion ( 1 1 7 ) ; spermine , itsel f ,  has been shown t o  inhib i t  ribonu­
clease in yea s t  c e l l s  ( 1 18 ) . In add i t i on , polyamines are consi dered 
to function s imilarly to the d ivalent cation ,  Mg ++, in vi tro and in vivo 
and have been shown to s t imulate in vi tro incorporation of amino acids 
into ribonucleoprotein part icles  ( 1 1 9 )  and adenine nuc leot ides into 
RNA ( 1 20) . 
The associ ation of the polyamines with growth processes i s  an 
intere s t ing fea ture o f  their presumed cel lular roles . Polyamine concen­
trat ion patterns were shown to p arallel  the concentrat ion p at terns of 
nucleic  ac ids at each s tep of the development of the ch ick embryo ( 1 2 1 ) . 
Janne et � .  ( 1 22) , who s tudied the concentration o f  polyamines in 
var ious rat t i s sues in re lat ion to age , generalized that leve l s  o f  
polyamines decrea se with age a fter attaining maximal leve l s  during 
fetal developmen t .  In recent years , changes in the concentrations o f  
polyamines and o f  RNA , as we l l  as the act ivat ion o f  the biosynthesis  
o f  these compounds have been shown to  p ara l lel  one ano ther in  a 
vari ety of phys iolog i c  and exp erimental states ( 1 10) . 
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The metabo l ism o f  the polyamines in  animal t i s sues i s  currently 
be ing investigated in several l aboratories . Raina ( 8 5 ,  123)  demon­
s trated the incorporation o f  putres c ine , ornith ine and methi onine into 
spermidine and spermine in the develop ing chi ck embryo ; s imilar resul ts 
were found for bacter ia .  Putres cine and methion ine have been shown to 
be precursors of spermidine and spermine in rat t i s sues ( 1 24) . The 
convers ion o f  spermine to spermidine has been reported also ( 1 2 5 ) . 
Bes ides being a precursor for sp ermidine and spermine , putres c ine has 
demonstrable  regulatory e f fects upon the polyamine biosynthetic  p ath­
way ( 1 08) . I t s  increased synthes i s  is the first indi cat ion that a 
t i s sue wi l l  undergo renewed growth p rocesses . Al though some workers 
have reported tha t  three s eparate enzyme activities  can be isolated 
(S- adenosyl-L-me thionine decarboxyl ase , spermidine and sp ermine 
synthetases) , the g eneral consensus is that  in mamma l ian sys tems , a 
s ing le  enzyme may be respons ible for the metabolic  s teps o f  decar­
boxylation of S - adenosyl-methionine , trans fer of the propyl amino mo iety 
to pu tre scine to form spermidine and the trans fer of a second propyl amino 
group to spermidine to form the symmetr ical mol ecul e ,  spermine ( 108) . 
With the newer and more rap id automa t i c  technique for po lyamine 
determination us ing elution chromatography coup led with the report that 
patients with diagnosed cancer excrete el evated l evels of polyamines 
in urine ( 1 26) , it is  hoped that the question of whether polyamines may 
be useful biochemical markers of undetected neop lasms wi l l  be answered 
soon. Furthermore ,  moni toring the urinary polyamine l evels in cancer 
patients may provide obj e ctive cr iteria to indicate the value of chemo­
therap eutic  and other trea tment modalities  being emp loyed in the contro l 
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of  cancer in the specific  p atient ( 1 08 ) . 
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MATERIALS AND METHODS 
Ma terials 
Hydraz ine (95+%) was purchased from Eas tman Kodak Co . ,  Roches ter , 
N .  Y . , and 0 . 4  ml was diluted to 1 0 . 0  ml wi th di stil led wa ter on each 
day o f  us e .  Cycloheximide was purchas ed from S igma Chemical Co . ,  
S t .  Louis , Mo . ,  and di ssolved in 0 . 9% saline to a final concentrat ion 
o f  1 6 . 7  mg /ml . Act inomyc in D ,  obtained as  a g i f t  o f  Merck Sharp and 
Dohme Research Lab s , Rahway , N .  J . , was dissolved in a minimal amount 
o f  ethanol and diluted to a fina l concentration o f  0 . 4  mg/ml with 
0 . 9% sal ine . 
D ,  L_ ( 1 _ 14C) orni thine hydrochloride (specific  activity 
2 . 74 mCi /mmole) , D, L_ ( 1 _ 14C) phenylalanine hydrochloride ( specific  
activity 2 . 07 mCi /mmo l e) , putres c ine- I ,  4_ l4C dihydrochloride (spe­
cific  activity 20 . 94 mCi /mmol e) , spermidine _ 14C [ ( aminopropyl ) ­
tetramethyl ene _ 1 , 4_ l4c diamine J trihydrochloride ( specific  activity 
9 . 8 2  mCi/mmo l e) and spermine _ 14C ( te tramethylene _ 1 , 4 _ l4C) tetrahy­
drochloride ( specific  activity 1 8 . 7 5 mCi /mmol e  were purchased from 
New Eng land Nucl ear Corp oration , Bos ton , Ma s s . D ,  L- ( 1 _ 14C) ornithine 
hydrochloride ( specific ac tivity 1 5 - 37 mCi /mmole)  was obtained from 
Amersham/Searle Corp oration , Arl ington Heights , I l l . Ornithine and 
putrescine were tes t ed for radiochemical purity by ascending p aper chro-
matography on Whatman No . 1 paper us ing a n-butanol : pyridine : acetic 
acid : water ( 1 5 : 1 1 : 3 : 7  v/v/v/v) solvent system .  The radiochemi cal 
purity o f  the phenylalanine was checked by ascending pap er chromato­
graphy on Whatman No . 1 paper using a n-butanol : acetic  acid : water 
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(25 : 4 : 10 v/v/v) so lvent sys tem . L-ornithine , L-phenyl alanine , putres­
c ine , spermidine and sp ermine , purchased from Calbiochem , La  Jol l a ,  
Cal i f . ,  were used i n  prep aration o f  the final radioisotop i c  solut ions 
used in the experiments described bel ow .  The radioisotop i c  solutions 
used in the orni thine and phenylalanine decarboxylase exp eriments  were 
made with 0 . 00 1  N HCl , while  a l l  o thers were made wi th deionized dis­
t i l led water . 
Ethyl ene glycol  monome thyl ether and monoethanol amine were 
obtained from Fi sher S cientific  Comp any , Fair Lawn , N .  J .  
Crys tal l ine bovine s erum albumin , L- arginine , L - c itru l l ine , 
L -ornithine ( for ornithine transcarbamyla s e  and orni thine keto­
transaminase s tudies ) , a-ketoglutarat e ,  pyr idoxa l phospha te ,  di l i thium 
carbamyl phospha t e ,  glycylg lycine ( free base) , diacetylmonoxime , 
a- isoni trosoprop iophenone , and £- aminobenzaldehyde were purchased from 
S igma Chemical Co . ,  S t .  Louis , Mo . The bovine serum albumin was made 
up to 10 mg /ml with dis t i l l ed water and used as the standard in the 
determinat ion of protein concentrat ions . A 500 ml s tock s olut ion o f  
a-ketoglutarate ( 0 . 2  M) wa s prepared and approximately 20  m l  a l iquots  
were frozen until  used  for the orni thine keto- trans aminase assay.  
Pyridoxal phosphate solution s  were fresh ly prepared each week and 
stored in a container protected from l ight . Dilithium carbamyl phos­
phate ( 0 . 1  M)  was prepared immediately be fore beg inning the ornithine 
trans carbamyla s e  assay .  a- I s onitrosoprop iophenone ( 0 . 3  g / IO ml 95% 
ethanol ) was freshly made on each day that arginase  activity was 
determined . The £- aminobenzaldehyde , stored a t  - 7 0oC ,  was diluted t o  
a concentrat ion of 25 mg /ml with 40% ethanol and swirled in warm 
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wat er ( 3 7oC)  for 30 min to aid in the dis solution o f  the compound . 
The g lutamic acid y- s emia ldehyde used as a standard in the orni­
thine keto- trans aminase assay was the generous gift o f  Dr . Annette Baich , 
Southern I l l inois University at Edwardsvi l l e , Edwardsvi l l e , I l l . 
Urea (ul tra , ultra pure) , yeast  RNA and salmon sp erm DNA were 
obtained from Mann Research Laboratories , New York , N .  Y .  An accu­
rately weighed samp l e  of approximately 20 mg of yeas t  RNA was dissolved 
and diluted to 1 00 . 0  ml wi th deioniz ed d i s t i l l ed water and used as the 
RNA s tandard . The DNA standard was prep ared from salmon sperm DNA by 
dissolving a weighed samp l e  of approximately 20 mg and dilut ing to 
1 00 . 0  ml with 0 . 01 N NaOH . 
The scinti l l at ion cocktail  used in the exp eriment s was ei ther 
Bray ' s  s c intil lat ion fluid ( 1 2 7 )  or a toluene phosphor as reported by 
Rus s e l l  and Snyder ( 1 28 ) . Each l i ter o f  Bray ' s  scint i l la tion fluid 
contained 4 . 0  g o f  PPO ( 2 ,  5 - diphenyloxazo le) , 0 . 2  g POPOP (£-bis  
[2- (5- phenyl oxazolyl) J-benzene) , 60 . 0  g naphthalene , 100  ml  abso lute 
methanol and 20 ml e thyl ene glycol ( a l l  purchased from Baker Chemical 
Co . ,  Phi l l ipsburg , N. J . )  made up to volume wi th E- dioxane (purcha sed 
from Fi sher S c i en t i fic Co . ,  Fair Lawn , N. J . ) . The toluene phosphor 
was prepared by using 40 ml of toluene l iqui fluor ( conta ining 4 . 0  g 
PPO and 0 . 0 5  g POPOP p er 40 ml toluene solut ion) and 200 ml absolute 
e thanol and diluting to 1 l i ter wi th toluene (purchased from Fi sher 
Scienti fic Co . ,  Fair Lawn , N. J . ) . 
G eneral Treatment of Anima ls  
For each exper iment described below ,  adult  ma le albino rats 
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(Hol tzman Co . ,  Madison , Wis cons in) were paired by weight , kep t in a 
temperature control led room (68-82oF)  wi th a l ternating per iods o f  
i l lumination ( twelve hours on , 7 : 00 a . m .  - 7 : 00 p .m . ; twelve hours 
o f f ,  7 : 00 p .m .  - 7 : 00 a .m . )  and fed Purina Laboratory Chow and water 
ad l ib i tum unti l the s tart of the experimen t s . 
Experimental Treatment of Animals  
a . )  Adminis tration o f  hydrazine 
Freshly p repared hydraz ine solution (40 mg/ml ) , brought to  a pH 
of 7 . 4 by 1 00% CO2 , was inj ected intrap eri toneal ly in a dose (1 ml/kg) 
equivalent  to approximately 64% o f  the LD50  ( 1 2 9 ) . Control animals  
were given inj ections o f  0 . 9% sal ine ( 1 . 0  ml /kg) intrap eri toneal l y .  
All  animal s  were fas t ed from the time o f  inj ection unt i l  sacrifice . 
Wat er was availab l e  ad l ib i tum at a l l  t ime s . 
b . )  Adminis tration o f  inhibitors o f  protein and nucleic  acid synthesis  
S ome o f  the animals , after receiving e i ther hydraz ine or  sal ine , 
were given a s econd intraperitoneal inj ection on the oppo s i t e  s ide o f  
the abdomen o f  ei ther cycl oheximide ( 50 mg /kg) ( 1 05 ) o r  A c tinomycin 
D (0 . 8  mg /kg )  ( 1 30) . 
c . )  Part ial Hepatectomy 
Approximately 67% partial  hepatectomy was per formed under e ther 
anesthesia by the method of Higgins and Anderson ( 1 3 1 ) , leaving the 
caudate  and right l at eral lobes of the l iver intact . Sham- operated 
control s  underwent a s imilar procedure except for exc ision of tissue . 
Al l anima l s  recovered from ane s thes ia wi thin minutes o f  closing the 
abdominal wound . They were al lowed food and water ad l ib i tum unt i l  
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sacri ficed . 
The l ivers from the animal s  receiving ei ther hydrazine or sal ine 
were used in al l the procedures des cribed below .  The l ivers from the 
animal s  which underwent partial hepatectomy and their sham-operated 
control s  were used only in the determinat ion o f  ornithine decarboxyl ase 
activity and endogenous free amino acid l eve l s . Al l t ime- cours e  
experiments were begun a t  the same t ime o f  day . 
Ornithine Decarboxylas e Assay 
Us ing carboxyl- labeled ornithine as the subs trate , ornithine 
decarboxylase activity was as sayed by a mod i fi cation of the method of 
Rus s e l l  and Snyder ( 128)  in whi ch l iberated l4C02 was trapped and quanti-
tated . Animal s  were sacri ficed by decap i tation at des ignated times 
aft er the s tart of the experiment , and their l ivers were exc i s ed and 
p laced in iced 0 . 0 5  M s odium-potass ium phosphat e  bu f fer , pH 7 . 2 .  
Portions o f  the right l ateral lobe o f  the l iver were homogen ized in 
5 . 0  volumes of the cold phosphate  buf fer containing 1 mM mercap to-
e thanol and 50 �M pyridoxal phosphate ,  us ing a Teflon- glass  Potter 
o Elveh j em type homogenizer at 0-4 C .  The homogenates were centri fuged 
at a relative centri fugal force of 20 , 000 x � for 20 min at 0-4°C 
us ing a S orval RC- 2B refrigerated centr i fuge equipped with a # S S - 34 
head . The sup ernatant was separated using a Pas t eur pipet  and kep t 
on i ce unt i l  the s tart o f  the assay .  Incubations were carr ied out 
in 25 ml Erl enmeyer flasks , each equipped wi th a rubber s topper 
supporting a polyethyl ene center wel l  containing 0 . 20 ml of a 2 : 1  
mixture o f  monoethanolamine and ethyl ene glycol monomethyl ether . 
Incubation mixtures contained 0 . 1 5 �oles pyridoxal phosphate , 
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14 0 . 10 �o le L- [ l - C ]  orni thine ( 0 . 543 �Ci of D ,  L- orni thine) , enzyme 
preparat ion as indi cated in the respective experiments , and 9 . 75 mmo les 
sodium-potass ium phosphate buffer ( pH 7 . 2) in a final volume of 2 . 0  mI . 
The reaction was s tarted by the addition o f  subs trate fol lowing a 
preincubat ion for 10  min a t  3 70C o f  al l other reaction mixture 
comp onents  in a Dubno ff metabolic  shaker s e t  at approximately  100 cycles 
per min . After 4 or 8 min , depending on the experimen t ,  the reaction 
was stopped by the inj e c t ion of 1 . 0  ml of 2 . 0  M c i tric  acid into the 
react ion mixture , making sure the acid mixed adequately with the 
contents of the f l ask . The reaction ves s e l s  were then ag i tated for 
30 min at room t emp erature to a l l ow compl e te absorp t i on o f  the 
14 l iber ated CO2 from the acidic medium . The center we l l s  were removed 
and p l aced directly  into via l s  containing 10 ml o f  the toluene sc in-
t i l l ation cocktai l . Each vial was counted for 1 0  min in a l iquid 
sc int i l lation sys tem (Nuclear Chi cago , Mark I) and the radioa ctivity 
measurements  were corrected for quenching by us ing an external s tandard . 
Dup l icate a s s ays were run in a l l  cases . Blank samp l e s  were run by 
including reaction flasks containing e i ther boil ed enzyme prep arations 
( p l aced in bo i l ing water bath for 15 min) or water in p l ace of the 
active enzyme preparation . 
Phenyl a l anine Decarboxylase Assay 
Phenylalanine decarboxylase activ ity was assayed by the s ame 
procedure used for the ornithine decarboxyl ase  determination excep t 
for the sub stitution o f  0 . 1 0 �mole  L_ [ _ 14C ]  phenyl alanine ( 0 . 5 �Ci 
D ,  L-phenylalanine) as  subs trate . 
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Ornith ine Transc arbamylase As say 
Ornithine transcarbamyl ase  activity was as sayed by fol lowing the 
format ion o f  the end-product , ci trul l in e ,  as des cribed by Weber , et � .  
( 1 32 ) . In these exp eriments , the animals  were sacri ficed by decap i ta­
tion at various t imes after exp erimental treatment , and the l ivers were 
exc ised and p l aced on ice . A 1 0% (w/v) homogenate was p repared in 0 . 9% 
KCl and the ornith ine trans carbamyl ase  was as sayed us ing a 1 : 50 di lu­
tion of this homogenate . The as say condi tion s ,  as des cribed by Jones , 
et  al . ( 1 33) , were fol lowed . The assay mixture contained 0 . 1 5 ml of 
a 1 : 1 : 1 :  mixture of 0 . 0 5  M glycyg lycine buf fer (pH 7 . 4) , 0 . 1 0 M 
dilithium carbamyl phosphate and 0 . 10 M L - ornithine . The react ion 
ves s e l s  ( 1 2  ml conical centri fuge tubes)  were allowed to equil ibrate 
at 3 7°C in a Dubnoff metabo l i c  shaker s e t  at approximately 120 cycles  
per min . The reactions were ini tiated by the addition o f  0 . 35 ml of the 
1 : 50 dilut ion of homogenate . Reactions were s topp ed a fter the desired 
l ength of incubation by adding 1 . 0 ml of 5% trichloroacet i c  acid and 
p lacing the tubes on ice . Sub sequently,  the supernatant fluid from 
the react ion mixtures was s ep arated by centri fugation at a relative 
centri fugal force o f  1500 x � ( 3000 rpm) in a refrigerated Interna­
t ional PR- 2  centrifuge equipped with a # 8 l la head ; 0 . 5  ml s amp l e s  were 
p ipetted into cul ture tubes ( 1 6  x 1 2 5  mm) . The citru l l ine pres ent 
was determined by a modi ficat ion ( 1 32)  of the method of Archibald ( 1 34) . 
To each cul ture tube 1 . 5 ml wat er , 1 . 0 ml sul furic acid-pot assium 
phosphate solution ( conc . sul furic acid : 1 . 0  M potass ium phosphate 
(monobasic)  mixed in a ratio of 1 : 3) and 0 . 125  ml of a 3% aqueous 
solution o f  diacetylmonoxime were added and then mixed wel l .  The tubes 
32 
were capped with marbles  and heated in the dark in a boil ing water 
bath for 10 min . Then , they were coo l ed to room temperature and kep t 
dark until  the absorbance o f  the cl ear red colored solutions was read 
at 490 nm in a Beckman DU spec trophotometer . The results  obtained in 
each reaction were wi thin the range o f  the s t andard curve prepared at 
the t ime o f  each assay us ing L - c i tru1 1 ine as  a standard . 
Al l determinat ions were done in trip l icat e .  Bl ank samp les were 
run by rep lacing either subs trate or enzyme wi th water . Zero t imes 
were determined by the addition of the 1 . 0  m1 of trichloroa cetic acid 
be fore the addition of the enzyme preparation .  
Orni thine 6 -Transaminase As s ay 
Ornithine 6 - transamina s e  was a s s ayed according to the me thod of 
Pera ino and Pitot ( 82 ) . The animals  were sacri ficed by decap itation .  
Their l ivers were excised ,  p laced on crushed ice , and weighed .  Por­
t ions of the median lobe of the l iver were homogenized in 4 . 0  volumes o f  
0 . 10 M potas sium phosphate buffer ( pH 8 . 0) containing 0 . 01 M mercap to­
e thanol us ing a Teflon-glass  Potter E1vehj em type homogenizer surrounded 
wi th crushed ice . The reaction mixture contained 2 . 0  m1 o f  0 . 37 5  M 
potassium phospha te buffer ( pH 7 . 4) , 0 . 3  m1 o f  1 . 0 M L- orni thine , 
0 . 3  m1 of 0 . 2  M a-ketog lutarat e ,  0 . 20 m1 o f  20% (w/v) homogenate , 
0 . 1  m1 o f  0 . 01 M £- aminobenzaldehyde in 40% e thanol , and 0 . 1 0  m1 
di s t i l l ed water . The reaction vessels  ( 1 6  x 125  rom cul ture tubes)  
containing the bu ffer , ornithine and di s t i l led water were pre incubated 
at 370C for 5 min in a Dubno f f  metabol i c  shaker set at approximately 
120 cycles  p er min . Then , the reaction was s tarted by adding the 
enzyme preparat ion followed by the �- aminobenzaldehyde , and 
a-ketog lutarate at 20 sec  intervals . Incubat ions were carried out 
for 30  min a t  3 7oC ,  a fter whi ch the reactions were s topped by the 
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addition of 2 . 0  ml of 10% trichloroacetic  acid . The reac tion ves sels  
were allowed to stand a t  room temp erature for 30  min before centrifug-
ing at 1500 x � for 10 min in a refrig erated Interna tional PR- 2 centri-
fuge equ ipp ed wi th a # 8 l l a  head . The absorbance o f  the clear ye l low 
sup ernatant fluid was determined at 440 rum agains t a distil led water 
bl ank in a Beckman DU spectrophotome ter . Blank samp le s  were run by 
sub s t i tu t ing water for either the homogenate , orni thine , a-ket og luta-
rate or both ornithine and a-ketog lutarate . Zero t imes were determined 
by the addition of the trichloroacetic  acid before the above l i s t ed 
comp onents o f  the reaction mixture .  
Arginase Assay 
Arg inase activity was as sayed by fol lowing the format ion o f  urea 
as  reported by Van Slyke and Archibald ( 1 3 5 )  and modi fied by Bond ( 1 36) . 
Animal s  were sacrificed by decap itat ion at the des ired time a fter experi-
mental treatment .  Their l ivers were p er fused with cold isotonic sal ine 
through cannulat ion of the abdominal aorta fol lowed by the severing of  
the inferior vena cava . Livers were exci sed , p l aced on crushed ice , 
b lotted , and rap idly weighed .  Por tions o f  the median lobe o f  the l iver 
were minced with scissors  and 25% (w/v) homogenates were p repared in 
0 . 1 5 M KCl with a Potter Elveh j em typ e  t i s sue  grinder . To remove cel l 
debri s ,  homogenates  were  centri fuged at a relative centri fugal force 
o o f  750  x � for 10 min a t  0-4 C us ing the S orval l  RC- 2 B  refrigerated 
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centri fuge equipped with a # S S - 34 head . Sup ernatants were decanted 
and recentri fuged a t  48000 x � for 80  min . The supernat an t  fluid 
was separated us ing Pasteur p ipets , was adjus ted to  pH 7 . 0  with 
0 . 5  N NaOH , and was either frozen for subsequent a s s ay or kept on 
ice until  the t ime o f  a s s ay ( i f  used the same day) . The reaction 
was carried out a t  room temperature ( about 200C) and consisted of the 
addition o f  0 . 08  m1 of the crude arg inas e  preparations to 1 . 5 m1 o f  
0 . 28 3  M arginine , p H  9 . 5  ( adjus ted with 5 0 %  NaOH) . Usua l l y  a 0 . 2  m1 
s amp l e  o f  the reaction mixture was t aken at 3 . 0  min and added to 
4 . 80  m1 of a sul furic a cid-phosphori c  acid solution ( 9 0  m1 conc . 
H2S 04 and 270 m1 con c .  H3P04 diluted to 1000 m1 wi th water) and mixed 
wel l  us ing a Vortex mixer . Determination o f  the quantity o f  urea 
formed was accomp l ished by the addition o f  0 . 25 m1 o f  a- isonitroso­
prop iophenone ( 3% in 95% e thano l )  to the solution containing the 
a l iquot from the reaction mixture . The solution s  were mixed wel l ,  
incubated for 6 0  min a t  9 9 ±  10 in a forced-dra ft  oven , cooled to room 
t emp erature by p lacing in a water bath ,  and the c lear red colored 
solut ion read at 540 nm on a Beckman DU spectrophotometer . A s tock 
solut ion o f  4 . 0  mM urea was kep t refrigerated . On the day o f  the 
experiment , one vo lume was diluted wi th nine volumes of the sul furic 
a cid-phosphoric  acid solution and was used to make the s tandard 
curve . Al l exp erimental values fell  within the l inear range of the 
s t andard curve . Blank samp les  were run by rep lacing either the active 
enzyme preparation or the subs trate wi th water . Al l determinations 
were done in dup li cate . 
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Determinat ion o f  Protein Concentration 
The protein concentration o f  the different enzyme preparat ions 
was determined by a b iuret method ( 1 37 ) . A samp l e  of the final enzyme 
preparat ion was d i luted to a final volume of 1 . 0  m1 with distil led 
water ; 4 . 0  m1 of biuret reagent wa s added .  The contents o f  the tubes 
were mixed ; the co lor was al lowed to develop for 30 min at room tempera­
ture ; and the c l ear b lue color was read again s t  a distil led water blank 
at 550 nm in a Sp ectronic  20 colorimeter . The protein concentration 
was determined from a standard curve cons tructed at the time o f  each 
assay, us ing bovine s erum albumin . The values obta ined for a l l  samples  
fell  wi thin the l inear portion of the  s tandard curve . 
Determination of Putrescine, Spermidine, and Spermine in Hepatic Tis sue 
Solutions for p olyamine determinations were prepared e s s entially 
as des cribed by Kremzner ( 1 38 ) . The animals  were sacrificed by decap i ta­
tion and the l ivers were perfused wi th col d  is otonic sal ine as des cribed 
in the method for arg inas e determination . Portions of the median lobe 
of the l iver were homogenized in one volume of d i s t i l l ed water . Equal 
volumes o f  the homogenate and cold 0 . 8  N p erch10ric acid were mixed 
wel l  and set in ice for 30 min wi th several additiona l periods of mix­
ing . The mixture s were centr i fuged at a relative centrifuga l force o f  
3000 x � for 1 5  min i n  a Sorva11 RC- 2B re frigerated centrifuge equipped 
wi th a # S S - 34 hea d .  The sup ernatant fluid was removed with a Pasteur 
p ipet  and used directly for polyamine determinat ion by elution chroma­
tography on a Beckman model  1 16 automatic amino acid analyz er . A 
s l ight modification , des cribed below ,  o f  the method o f  Marton et  a1 . 
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( 1 39 ,  140) was used for the analys i s . A 0 . 9  x 23  cm column was packed 
to a height o f  5 cm with Beckman PA 35 cus tom-made spherical resin . A 
Teflon filter di s c  was p laced on top o f  the resin bed to act as a 
filter and to  aid in the prevent ion o f  channel ing and di srup tion o f  
the column sur face fol l owing samp le  app l i ca tion . A 1 . 0  m l  al iquot o f  
the solution prepared for polyamine analys is  was app l ied onto the 
column and eluti on was carri ed out wi th two buf fer sys t ems . Buf fer I 
(pH 5 . 06 , 0 . 35 M sodium c i trat e ,  and 0 . 7  M with respect to sodium ion) 
was pumped for 45 min , during which t ime free amino acids were e luted . 
Elution o f  the polyamines was then carried out with Buf fer II  (pH 4 . 08 ,  
0 . 35 M sodium ci trat e , and 2 . 35 M with respect  to sodium ion )  for an 
addi tiona l 160 min . A recording colorimeter reading at 570 and 440 nm 
was used to determine the absorbance of the product formed by the 
reaction o f  ninhydrin with the polyamines . The flow rat e  for the 
buffers was set  at 50 ml p er hr and for the ninhydrin at 25 ml p er hr . 
Putrescine , spermidine , and spermine were eluted at approximately 7 0 ,  
1 1 0 ,  and 140 min resp e c t ivel y .  The resin was regenerated wi th 0 . 2  N 
NaOH and reequil ibrated with Buffer I to prepare the column for the 
next run . Quantitation was accomp l ished by the height-width method 
for integration o f  the area under the p eaks ( 141 ) . Putrescine , spermi-
dine and spermine hydrochloride standards were recrys tall ized three 
times from ethanol ( I l l , 142 , 143 , 144 , 145) . Recovery rates were 
. 14 . calculated by add�ng C-po lyam�ne to the t i s sue homogeniz ing media 
and determining the percen t  of the label ed polyamine recovered from 
the p olyamine preparation . 
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Determination o f  Liver Protein, RNA and DNA Concentra tions 
A 0 . 4  ml samp l e  of the 1 : 1 homogenate of perfused l iver des cribed 
above in the procedure for the determinat ion of putrescine , spermidine 
and spermine , was p laced in a 12 ml conical centri fuge tube and frozen 
until  as sayed for protein , RNA and DNA by the Munro and Fleck modi fica­
tion ( 146) of the procedure described by Wannemacher et al e ( 1 47 ) . In 
the procedure u se d ,  centrifugation after each s tep was at a relative 
centri fugal force of 1500 x £ for 10 min in a refrigerated Interna­
t ional PR- 2 centri fuge equipped wi th a # 8 l l a  head . Each samp le  of 
homogenate  was thawed ; 1 . 0  ml o f  cold 0 . 6  N p erchlor i c  acid (PCA) was 
adde d ,  mixed and allowed to s tand in ice for 10  min . The precipitate 
was s eparated by centrifugation and was washed twice with 5 . 0  ml of 
cold 0 . 2  N PCA . Lip ids were extrac ted and removed by washing the 
precip i tate first  with 5 . 0  ml of 3 : 1  e thanol- diethyl e ther and , 
finally,  with 5 . 0 ml o f  anhydrous diethyl ether . Al l o f  the l ipid 
extraction washes were dis carded , and the excess  e ther was removed by 
p lacing the tubes  in a convec tion hoo d .  Precautions were taken so 
that the precipitate did not become to tally dry . The p recip i tate con­
tains al l of the protein and the nucl eic  acids , RNA and DNA . This 
precip i tate was mixed with 4 . 0  ml of 0 . 3  N KOH (kep t a t  370C) , incu­
bated at 370C for 60 min , coo led in ice for 10 min and the precip itate 
s eparated by centri fugation . Thi s  typ e  of a lkaline treatment caused 
hydrolys i s  o f  the RNA ,  solubi l iz ed the protein ,  but left  the DNA 
unhydrolyzed in solution.  A 0 . 4  ml al iquot o f  this  alka l ine hydroly­
sate  was used for protein determinat ion by the biure t method des cribed 
earl ier . The remaining hydrolysate was acidi fied by addition o f  
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2 . 0  ml o f  cold 1 . 2  N PCA, was al lowed to  stand in i ce for 10  min and 
was then centrifuged . This  procedure caused precipitat ion o f  the 
unhydrolyzed DNA , l eaving the hydrolyzed ribonucleotides in the sup er-
natant  fluid.  A 0 . 4  ml al iquot o f  thi s  supernatant  fluid was removed 
and p laced in 10 ml dilution tubes for RNA analysis  as des cribed below .  
The remaining precip itate was washed twice with 5 . 0 ml o f  0 . 2  N PCA 
o 
and stored refrigerated ( 0-4 C) overnight in 5 . 0 ml o f  9 5% e thanol . 
The ethanol was removed after centri fugation , 3 . 0  ml o f  cold 0 . 5  N 
o PCA was added and the samp le  was incubated at 96±  1 C for 45 min in a 
forced- draft  oven . S olutions were refrigerated for 1 5  min , centri-
fuged and the sup ernatant fluid col lec ted in 20 ml dilut ion tubes . 
The precip itate was washed twice wi th 2 . 0  ml o f  cold 0 . 5  N PCA and 
each resulting supernatant fluid was combined in the 20 ml dilution 
tube s . D i s t i l led water was added to dilute to 20 ml and the DNA 
determined as described below .  
RNA concentrations were determined by di luting the 0 . 4  ml al iquot 
from the acid soluble  fraction o f  the alkaline diges t  o f  the l ipid 
extrac ted homogenat e to 10  ml with d i s t i l led wa ter . A port ion o f  the 
diluted RNA solution was read at 260 nm again s t  a d i s t i l l ed water blank 
in a Beckman DU spectrophotometer . RNA concentrations o f  the homoge-
nates were  estimated from s tandard curves cons tructed each t ime , us ing 
yea s t  RNA as the standard . The values ob tained for all  t i s sue samples  
fell  within the l inear portion o f  the s tandard curve . 
DNA concentration was de termined on a samp l e  o f  the diluted 
deoxyribonucleotide solut ion read at 265  and 290 nm aga inst  a di stil led 
water blank in a Beckman DU spectrophotometer . The DNA concentrations 
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o f  the homogenates were cal cu la ted by taking the differences in 
absorbance between the two wavel eng ths and comparing them to those 
obtained from standard curves prepared each time us ing sa lmon sp erm 
DNA as the s tandard . The va lues obtained for all samples  fel l  wi thin 
the l inear p ortion o f  the s tandard curve . 
Determination o f  Dry Weights 
Dup l i cate 1 . 0 ml al iquots  o f  the 1 : 1  l iver homogenat e ,  described 
in the determination o f  putre scin e ,  spermidine , and spermine above , 
were pipetted into tin- foi l weighing cup s .  These  samples  were dried 
o in an oven at 1 05 - 1 15 C unt i l  a cons tant weight was achieved . The 
general durat ion of t ime was 36 hours . 
De terminat ion o f  Endogenous Concentrations o f  Free Amino Acids 
Endogenous l evels of free amino acids were determined in (a) the 
2 0 , 0 00 x � supernatants  des cribed above for the ornith ine , decarboxy­
lase  enzyme preparations , (b)  the l iver homogenates ( 1 6 . 7% w/v) 
obtained from the s tudy invo lving l iver regeneration following partial 
hepatectomy and (c) the l iver homogenates obtained from the s tudy 
determining putre s c ine , spermidine , and spermine contents . A protein-
free filtrate ( 148) was prepared by p lacing a 2 . 0  ml portion of the 
above supernatant or homogenate in 4 . 0  ml of co ld 9% sul fosa l i cyl ic 
acid and 0 . 2  ml o f  an internal standard containing L-norleucine and 
D ,  L plus al lo- I -hydroxylys ine in 15  ml Corex centrifuge tubes . 
Thi s mixture was p laced in ice for 30 min and then centri fuged at a 
o relative centri fugal force o f  3000 x � for 20 min at 0-4 C us ing a 
Sorval l RC-2B re frigera ted centrifug e equipped with a # S S - 34 head . 
The supernatant  fluid was s eparated and frozen unt i l  the amino acid 
content was determined by elution chromatography on a Beckman Model 
1 1 6  amino acid analyzer us ing a dual column sys t em ( 149) . 
S tatistical Ana lys is  o f  Data 
Ari thmet i c  means o f  the resul t ing dat a  were calcul ated . The 
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S tudent ' s  t test  ( 150)  was cho s en to e s t imat e  s igni ficance probabil ity 
o f  the dif ference between contro l and hydrazine- treated group s .  The 
unb iased e s t imate  s2 o f  the variance C- 2 was calculated by the equation 
2 s 
N - 1 
2 (t x) IN 
where x value o f  samp le  
N number o f  samp les  
The s tandard deviation , r was then e s t imated by taking the square root 
of s2 . The unbiased estimate of the standard deviat ion of the mean 
( st andard error of the mean) was calculated us ing the value of the 
standard deviation ,  derived above , in the fol l owing equation : 
S tandard deviat ion o f  the mean , 
A leve l of p < 0 . 05 was the minima l  s igni fi cance probab i l i ty accepted 
as  indicating a difference between groups .  All  experimental curves 
were drawn by inspection . 
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RESULTS 
Endogenous Leve l s  of Orni thine Following Hydraz ine Trea tment 
The l evel s  of hepatic  free orni thine determined in the protein-
free fil trates p repared from the 20 , 000 x � sup ernatants des cribed for 
the orni thine decarboxylase enzyme a s s ay procedure are shown in Fig-
ure 2 as a funct ion of t ime a fter hydraz ine treatment . The animal s  
used i n  th i s  experiment varied i n  s i z e  between 1 24- 162  grams ini t ial 
body weight , and were comp arable  in s iz e  to  those  used by Banks ( 3 1 )  
and Banks and Petterson ( 33 )  who reported increas ed hepatic  ornithine 
* pool sizes  at 24 and a t  1 2  and 24 hr resp ectively ,  fol l owing the 
adminis tration o f  hydrazine to rats , in two s eparate s tudies . In the 
present  s tudy , the points repres ent the mean of two saline or two 
hydrazine- treated animal s  a t  1 ,  2 ,  4 ,  6 ,  12 and 24 hr fol lowing 
admini s trat ion o f  the comp ound . The ornithine con centration s  are 
expressed as gmoles  per ml o f  sup ernatant in order to fac i l i tate their 
use in estimating the amount of endogenous ornithine that was present 
in the react ion mixtures used in the a s s ay o f  orni thine decarboxyl ase 
activity . In the present study , endogenous ornith ine l evels were 
elevated in the hydraz ine- treated rats relative to their saline-
inj ected control anima l s  as early as  1 hr , with the maxima l ly e l evated 
* The term "pool s ize" used in this thesis  is  meant to represent the 
total free amino acid concentrat ion found in the p rotein- free fil trate 
and does not intend to imp ly a specific determination o f  the intra­
cel lular pool size . 
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ornithine concentra tion observed at 12 hr a fter trea tment with the 
comp ound . The orn i thine l eve l s  appear to remain elevated at 24 hr 
compared to control level s  a l though , they s eem to be re turning toward 
control value s . Fast ing during thi s 24 hr p eriod did not al ter the 
concentrat i on of ornithine s ince the level s  in the control animals  
were unchanged throughout the period o f  the s tudy . Al though the data 
as  reported in Figure 2 are the mean of only two animals , amino acid 
analyse s  o f  l iver supernatants in subsequent experiments  have shown a 
pat tern cons i s t ent with this  repre s entative experiment . 
A s tat i s t i cal comp ari son of the orni thine concentrations in the 
sup ernatants from rat l iver at 4 and 24 hr fol l owing hydraz ine treat­
ment and in homogenates from regenerating l iver at 1 6  hr fol lowing 
partial  hepatectomy compared to their corresponding contro l group s i s  
shown i n  Tab le  I .  From thes e  data , i t  was apparent tha t the ornith ine 
poo l  size  was s igni f icantly grea ter (p < . 0005) in the hydraz ine- treated 
animal a t  both 4 and 24 hr t ime points than in the 4 and 24 hr control 
anima l ,  resp e c t ively, regardless  o f  whether the orni thine concentrat ion 
i s  expressed on a gram wet weigh t  of l iver or mg of hepatic  DNA basis . 
The orni thine concentrations from the 4 and 24 hr hydraz ine- treated 
anima ls  were s igni f ican tly ( p  < . 0005 ) d i fferent from each other ; 
however , there was no chang e between the l eve l s  o f  ornithine in the 4 
and 24 hr control group s .  Regenerat ing l iver 1 6  hr after p artial  
hepatectomy showed a s imilar increase (p  < . 0 1 )  in  orn i thine level s  
when comp ared to those  levels  of orni thine found i n  l iver from sham­
operated anima l s . Orni thine level s  in adu l t  rats (greater than 250 g )  
have been shown t o  fo llow the same general pattern fol l owing hydraz ine 
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Tab le I 
Hepat ic Poo l S ize of Endogenous Free Orn ithine Fo l lowing 
Experimenta l  Treatment 
Orn ith ine Concentrat ion 
Type o f  Time After gmo les gmo les 
Treatment Treatment g l iver (wet wt ) mg DNA 
(hr) 
Sal ine Contro l 4 0 . 30 ± . 0 1* ( 12 ) ** 0 . 050 ± . 004 (9 )  
Hydra z ine 4 0 . 98 ± . 04 ( 15 )  0 . 2 1 9  ± . 0 19 ( 9) 
p < . 0005 p < . 0005 
Sa l ine Cont ro l 24 0 . 34 ± . 03 ( 7 )  0 . 03 9  ± . 004 ( 5 )  
Hydra zine 24 2 . 0 5 ± . 22 ( 7 )  0 . 454 ± . 036  (5 )  
p < . 0005 p < . 0005 
Sham- operated 16 0 . 19 ± . 0 1 ( 4) 0 . 056 ± . 007  (4) 
Part ia l  
Hepatectomy 16 0 . 41 ± . 06 (4)  0 . 157 ± . 03 1  ( 4) 
p < . 0 1 p < . 0 1 
* Standard error o f  the mean 
** Number of an ima l s  
A s ingle determ inat ion o f  the orn ithine pool  s i ze wa s done for 
each anima l .  
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treatment as obs erved in the young rats ( 1 24- 162 g)  reported here . 
The resu lts  o f  a representative s tudy o f  the ornithine leve l s  in adu l t  
anima l s  are presented below ( Tab l e  I ) . 
Expres s ion o f  hepatic  concentration o f  cel lular cons tituents on a 
DNA bas is  has often been us ed s ince Boivin et  al . ( 1 5 1 )  demonstrated a 
constan t  average amount o f  DNA p er nucl eus o f  various animal t i s sues ; 
Wi l l i ams ( 1 52 )  showed tha t  the quantity o f  DNA in normal l iver was 
a direct funct ion o f  the number o f  hepatocytes . Thus , DNA was used as 
another bas is for express ion o f  thes e  resu l t s  as wel l  as others in 
order to assess alterations in the cell composition due to hydraz ine 
treatment . As shown by Smith ( 34)  and confirmed by data in a later 
section o f  the pre s ent  s tudy, total l iver DNA content did not vary 
s igni ficantly over the 48 hr period fol lowing hydraz ine treatment . 
Therefore , it i s  usefu l  to  observe the effect o f  hydraz ine on the 
l iver by comparing the concentrations o f  cel lular cons t i tuents on a 
DNA basis  in an attempt to des cribe the cel lular changes produced by 
the comp ound . 
Alterations o f  other free amino acid concentrations in liver 
homogenates from adul t  rats ( 370-430 g )  are shown in Tab le I I .  These 
data from Tabl e  I I  can only be used to show general pat terns o f  change 
s ince they represent  a s ingle ana lys i s  on pooled samples  from four 
animal s  in each group . The mos t  pronounced changes resulting from 
ei ther hydrazine treatment or fast ing alone over the 48 hr period 
inves t igated were noted for alanine , tyros ine , citru l l ine and ornithine . 
Hepatic  alanine l evel s  were elevated in the hydraz ine- trea ted anima l s  
relative to the control s  as early as 2 hr . Thi s elevation was about 
Tab le I I  
Time - course o f  Endogenous Free Amino Ac id Poo l S ize 
in Contro l and Hydraz ine- treated Anima ls 
Time (hr)  
Amino Ac id 
Asp 
Am ides 
A l a  
G ly 
Glu 
His 
Lys 
Ser 
Thr 
Leu 
Va l 
I le 
Phe 
Tyr 
Me t 
Tau 
Orn 
C it 
DNA 
o 
5 . 42* 
5 . 02 
2 . 78 
2 . 20 
1 .  94 
1 . 28 
1 . 00 
0 . 58 
0 . 52 
0 . 32 
0 . 22 
0 . 18 
0 . 14 
0 . 14 
0 . 12 
4 . 80 
0 . 86 
0 . 06 
3 . 10** 
A .  Contro l Anima ls  
2 
3 . 94 
4 . 74 
3 . 18 
2 . 24 
2 . 18 
1 . 08 
0 . 90 
0 . 56 
0 . 42 
0 . 40 
0 . 26 
0 . 22 
0 . 16 
0 . 16 
0 . 14 
2 . 96 
0 . 5 2 
4 . l3 
4 
4 . 88 
4 . 74 
3 . 16 
1 . 96 
2 . 24 
1 . 12 
1 . 06 
0 . 58 
0 . 66 
0 . 46 
0 . 36 
0 . 24 
0 . 20 
0 . 18 
0 . 14 
5 . 66 
0 . 54 
0 . 08 
3 . 5 1 
12 
2 . 58 
2 . 57 
1 .  96 
2 . 74 
1 .  54 
0 . 84 
1 . 40 
0 . 66 
0 . 48 
0 . 48 
0 . 36 
0 . 24 
0 . 20 
0 . 20 
0 . 20 
5 . 86 
0 . 84 
4 . 86 
24 
4 . 06 
5 . 64 
2 . 12 
2 . 86 
1 .  7 8  
0 . 82 
1 . 18 
0 . 62 
0 . 54 
0 . 50 
0 . 36 
0 . 26 
0 . 22 
0 . 22 
0 . 22 
5 . 80 
0 . 60 
5 . 3 1 
* Concentra t ion expre s sed as  � mo les/g  l iver (we t wt)  
**  Concentrat ion expre s sed as  mg/ g  l iver (wet wt)  
Each value represents a s ingl e  determination on  a poo led 
s amp l e  from four anima l s . 
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2 . 42 
5 . 34 
2 . 24 
2 . 68 
1 .  90 
0 . 78 
1 .  02 
0 . 52 
0 . 48 
0 . 36 
0 . 28 
0 . 20 
0 . 16 
0 . 16 
0 . 14 
6 . 90 
0 . 64 
0 . 10 
5 . 4 1 
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Tab le I I  
Time- course of Endogenou s Free Amino Acid Poo l S ize 
in Contro l and Hydraz ine- treated Anima l s 
Time (hr)  
Amino Acid 
Asp 
Amide s 
Ala 
G ly 
G lu 
His 
Lys 
Ser 
Thr 
Leu 
Val 
Ile 
Phe 
Tyr 
Me t 
Tau 
Orn 
C it 
DNA 
B .  Hydraz ine- treated Anima ls 
o 
5 . 42* 
5 . 02 
2 . 78 
2 . 20 
1 .  94 
1 .  28 
1 . 00 
0 . 58 
0 . 52 
0 . 32 
0 . 22 
0 . 18 
0 . 14 
0 . 14 
0 . 12 
4 . 80 
0 . 86 
0 . 06 
2 
4 . 02 
4 . 36 
5 . 18 
5 . 02 
3 . 86 
0 . 96 
2 . 00 
2 . 40 
1 . 34 
0 . 48 
0 . 42 
0 . 22 
0 . 18 
0 . 30 
0 . 28 
5 . 12 
1 .  92  
3 . 30 
3 . 10** 3 . 7 2 
4 
3 . 02 
4 . 30 
6 . 22 
3 . 44 
3 . 04 
1 . 10 
1 .  74 
1 . 20 
1 . 08 
0 . 48 
0 . 38 
0 . 22 
0 . 18 
0 . 68 
0 . 18 
2 . 42 
1 . 72 
4 . 00 
3 . 50 
12 
1.  22 
2 . 02 
12 . 28 
2 . 72 
1 .  70  
0 . 98 
1 . 34 
0 . 82 
0 . 48 
0 . 44 
0 . 38 
0 . 20 
0 . 18 
0 . 84 
0 . 18 
1 . 46 
3 . 36 
5 . 04 
3 . 7 7 
24 
1 .  92 
4 . 34 
12 . 58 
1 . 92 
2 . 08 
1 . 34 
1 . 40 
0 . 54 
0 . 42 
0 . 40 
0 . 38 
0 . 20 
0 . 14 
0 . 60 
0 . 18 
2 . 82 
5 . 38 
3 . 30 
3 . 6 0 
* Concentrat ion expre s sed  a s  g mo 1es/g  l iver (we t wt ) 
** Concentrat ion expre s sed as mg/ g  l iver (we t wt ) 
Each value represents a s ingl e  determination on a pooled 
samp l e  from four anima l s . 
48 
2 . 54 
4 . 88 
1 .  76  
2 . 36 
2 . 7 2 
0 . 78 
0 . 92 
0 . 46 
0 . 44 
0 . 44 
0 . 6 2 
0 . 20 
0 . 16 
0 . 26 
0 . 20 
6 . 16 
1 . 12 
0 . 36 
5 . 03 
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s ix- fol d  at 1 2  hr through 24 hr before returning to the level o f  the 
fas ted control group at 48 hr . Tyros ine was increased about four­
fold at 4 hr in the l iver from the hydraz ine- treated rats compared 
to the appropriate contro l animal , and then gradua l ly decreas ed until  
at  48  hr i t  was approaching the value o f  the 48  hr  control anima l . 
Citru l l in e ,  which was found in very small  concentration i f  at  a l l  in 
the analys i s  of the control l iver during this 48 hr period , showed an 
early increase  at  2 hr in the l iver o f  hydraz ine- treated animal s .  This  
increased l eve l o f  c itru l l ine was  maintained through the 24  hr  point , 
a fter whi ch the value in the hydrazine- treated animal almo s t  returned 
to that found in the l iver of the control s  at 48 hr . S imilarly , 
ornithine was elevated at  2 hr in the hydraz ine- treated rat relat ive 
to the l evel in the control anima l s  and p eaked at 24 hr in this  study 
rather than at 1 2  hr as shown in Figure 2 .  This  di fference might be 
due to the high concentration of ornithine wi thin the mi tochondria 
whi ch have been shown to concentrate ornithine several - fold  ( 1 5 3) . In 
the preparat ion o f  the 2 0 , 000 x � sup ernatants  used for the analysis  
reported in Figure 2 ,  the  mitochondria are  dis carded as part  o f  the 
s ediment . 
Ornithine Decarboxylase S tudi es 
S ince the changes in ornith ine pool size  as noted earlier occurred 
so rap id ly ,  it appeared that there should be some demons trab l e  al tera­
tions in ornithine metabol ism within the l iver due to hydrazine treat­
men t .  In a prel iminary s tudy ( 1 54) , increas ed hepatic  orni thine decar­
boxylas e ( ODC) activity was obs erved at 4 hr a fter adminis trat ion of 
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hydrazine in comparison to the saline-inj ected control animal s .  The 
leve l of the l iver ODe act ivity was comparab l e  in magni tude to that 
reported by others in 16 hr regenerat ing l iver fol lowing partial 
hepatectomy ( 1 5 5 ) . This initial work on hepatic ODe in the hydraz ine-
treated animal was comp l e t ed us ing a homogenizing medium lacking the 
addi tion of mercap toe thanol and pyridoxal phosphate as des cribed in 
the methods section .  The add i t ion of these two compounds to the 
homogeni z ing medium , as reported by Janne and Wi l l iams-Ashman ( 1 56)  
was to aid in mainta ining the s tab i l ity  and to prevent polymer ization 
o f  the enzyme . In our hands , s l igh t ly higher observed ODe activi ty 
was found when l ivers were homogenized us ing the buffer wi th mercap to-
ethanol and pyridoxa l phosphate than when these two compounds were not 
added . These prel iminary s tudi es also  indicated that adu l t  animal s 
should  be used in order to les sen obs erved anima l variat ion in hepatic  
ODe ac tivity s ince thi s  enzyme seems to  be al tered during rap id growth . 
Eva luation of ODe Assay Methodol ogy 
In an exp eriment des igned to as certain the efficiency of the 
release of l iberated l4eo2 from the reaction mixture and the absorption 
o f  the l4eo into the trapp ing ag ent present in the center wel l ,  radio-2 
14 act ive carbonate  (as Na2 e03) was added al ong with the other component s 
o f  the normal reaction mixture to reaction vessel s with and wi thout 
enzyme preparation present . Al l of the radioact ivity added in thi s  
a c i d  labi le  form was accounted for i n  the e02 trap after 
l4eo2 was 
l iberated by inj ect ion of acid into the reaction ve s se l s . Furthermore , 
al iquots o f  the react ion mixture were counted and found to contain no 
radioact ivi ty . The fact that no l abel rema ined in the react ion mixture 
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o f  ve s s e l s  containing the act ive enzyme preparation , indicates that 
the l abeled carbonate was not incorp orated into other non- acid l abile  
metabol ities  during the incubat ion perio d and rema ined in  an acid 
l abi le  form . 
Figure 3 demonstrates that the ODe activity was l inear for the 
8 min incubation period used for the remainder of this s tudy . The 
use of non-saturat ing substrate concentration was a probabl e  factor 
for the obs erved deviation from l inearity s tart ing at abou t 10  min . 
As can be  seen from endogenous level s  of orni thine determined for 
s imi lar enzyme preparations (Figure 2) , the amount of subs trate present 
in the enzyme p reparation (80  �M) was wi thin the same range as the 
exogenous ornithine added for the assay (50  �) . In addition ,  data 
p resented in Tab l e  II I indicated that exposure of the enzyme prepara­
tion to the temperature ( 370e) at whi ch the act ivity was determined 
could be a se cond fac tor caus ing the decrease in obs erved activity 
after about 10  min . Except for the leng th of the pre incubat ion periods , 
a l l  conditions o f  the as say procedure were as des cribed in the methods . 
React ion mixtures were preincubated 1 0 ,  20 or 30 min be fore s tart ing 
the assay with the addit ion of l4e- l - orni thine . The obs erved ODe 
act ivity from the l iver of a hydrazine- treated rat decreas ed about 
50% with each addi tional 10 min of preincuba tion . The boi l ed enzyme 
b l anks appear not to change with the variat ion o f  the preincubat ion 
t imes . The l es s  than saturat ing ornith ine concentrat ion also  cou ld 
have caus ed a loss o f  any protective effect tha t  the substrate may 
have had on prevent ing the inac tivat ion of the enzyme . In another 
prel iminary exp eriment to s tudy the assay me thod , ODe activity was 
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Tab le III  
Effect o f  Length o f  Pre incubat ion Time 
on OOC Act ivity 
Nature o f  Pre incubat ion t ime OOC Activi ty* 
Enzyme Preparat ion (min) (dpm/ 10 min) 
Ac t ive 10 1469 
Bo ile d  1 0  206 
Act ive 20  7 94 
Bo iled 20  185  
Ac t ive 30  425  
Bo i led 30 181  
* Va lue s are the average of dup l icate s  us ing 0 . 4  ml  supernatant 
Activity was determined on a s ing l e  ODe preparation from a 4 hr 
hydraz ine- treated animal . 
found to be proportional to the enzyme concentration over the range 
0 . 0  to 0 . 8  ml ( 0- 3 . 3  mg sup ernatant protein)  of the enzyme prepara­
tion used (Figure 4) . 
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In a series of experiments Km ' s  were determined for hepatic  ODe 
from anima l s  fo l l owing either hydrazine treatment (4 hr) or partial 
hepatectomy ( 1 6  hr) . S ince there was signi ficant anima l var iat ion in 
l eve l s  o f  ODe activity , the data for each individual animal i s  i l lus ­
trated graphica l l y .  Figures 5 and 6 are L ineweaver- Burk p l ots  o f  ODe 
activity in the hydrazine- treated and regenerat ing l iver sup ernatant s ,  
respective l y .  The Km ' s  for ODe in the hydrazine- treated and p artially 
hepatectomized anima l s  were be tween 0 . 05  and 0 . 1  mM ,  va lues comp arable 
to the 0 . 1  mM repor ted for reg enerat ing l iver ( 1 5 7 ) . No Km values were 
determined for control rat l iver ODe s ince its  activity was es sential ly 
nil . 
As reported by others ( 1 04 ,  1 58 ) , reaction b l anks have been a prob­
l em in thi s as say procedure . In most  cases in the present s tudy , the 
react ion b lanks were in the same range as the values obtained in enzyme 
preparat ions from control an imals . Therefore , in al l exp eriements 
comparing ODe activity from control and hydraz ine - treated animals , 
reaction bl anks have not been subs tracted from the resul ts unless  
stated otherwi s e .  I n  s o  doing , the pattern o f  changes in obse rved ODe 
activity due to hydraz ine treatment was no t al tered ; in fact , the 
relative difference between the control and experimental group wa s 
actua l ly l essened s ince the correct ion for blanks wou ld have caused 
a greater proportional  reduction in the da ta from the contro l animals  
than the hydrazine- treated anima l s . Th is would be especially  true 
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s ince boi led enzyme bl anks from the enzyme preparations from the con-
trol anima ls  were higher (p < . 02 )  than for the hydrazine- trea ted ani-
mals  (Tab l e  IV) . The difference between thes e  two groups became more 
s ignifi cant when larger volumes of boi led enzyme preparat ions were 
added to the rea c tion mixtures . Pyridoxal phospha te is known to aid 
in the non- enzymat i c  decarboxyl ation of amino acids . Thi s  role for 
pyridoxa l phosphate present  in the se react ion mixtures could be offered 
as a p laus ib le  exp lanation for the data reported in Tab le IV.  S ince 
hydraz ine i s  known to inhibit pyridoxal phosphate-requiring enzyme s 
( 1 5 ) , a reduction in the abi l ity o f  pyridoxal phospha te to aid in the 
14 non- enzymatic  decarboxylat ion of C- l - orni thine might be expected . 
The inverse relat ionship between the amount o f  boi led enzyme and the 
observed radioactivity in the blanks is s imilarly exp lained . I f  
exogenous pyridoxal phosphate were comp l exed with the denatured protein 
present in the reaction mixture , greater amounts o f  bo iled enzyme would 
cause less pyridoxal phosphate to be free to act on the carboxy- labeled 
substrate . 
Time- course o f  ODC Activity Fo l lowing Hydraz ine Trea tment 
Figure 7 and Tab le  V dep i c t  the changes in the l evels of hepatic 
ODC activity as a function o f  t ime a fter the adminis tra tion of hydra-
z ine for a per iod of 12 hr . Prel iminary s tudies have shown tha t there 
was no di fference in obs ervab le  ODC activity from the l ivers of fast-
ing contro l s  and hydraz ine- treated animals  at several t ime points over 
the 12 to 64 hr interva l .  In comp arison to the values obtained from 
control l ivers , ODC activi ty was enhanced (p < . 0 125)  within 2 hr 
Treatment 
Control 
Hydraz ine 
Table IV 
Ob served ODC Activity in Boi led 
Enzyme Blanks 
ODC Activity (0 . 3 ml boil�d enzyme) 
preparat10n 185 ± 7* 153 ± 9 
p < . 02 
ODC Ac tivity 1 
ml bo ile� enzyme 
preparat10n 160 ± 7 120 ± 8 
p < . 005 
* S tandard error o f  the mean o f  10 animal s  for each group with 
activity expressed as dpm/reaction ves s e l / 8  min 
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p < . 05 
p < . 02 
Preparations from 4 hr contro l and hydrazine- treated anima l s  were 
used for thes e  determinations . 
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Table V 
Time - cour se of ODC Ac t iv ity Fo l lowing 
Exper imenta l Treatment 
T ime After Enzyme Act iv ity 
Treatment (p mo les l4C02 formed/mg prot/30 min) (hr)  
Contro l Hydra z ine- treated 
1 98 ± 7* 178 ± 33 p < . 05  
( 3 ) ** ( 3 )  
2 8 5  ± 25  602 ± 142 p < . 0 125 
( 3 )  ( 3 )  
3 134 ± 30 1 129 ± 169 p < . 005 
(3) (3) 
4 8 1  ± 1 5  140 1 ± 173  p < . 0025 
(3)  (3)  
5 1 9 1  ± 126 1204 ± 414 p < . 0 5 
( 3 )  ( 3 )  
6 8 5  ± 4 830 ± 2 1 7  p < . 025 
( 3 )  ( 3 )  
8 99 ± 1 183 ± 15 p < . 025  
( 2 )  ( 2 )  
1 2  8 5  ± 12 84 ± 1 1  N . S . D . 
( 3 )  (3)  
* Standard error o f  the mean 
** Number of anima l s  
Enzyme act iv it ies were determined in dup l icate for each anima l . 
6 1  
fol lowing the adminis tration of hydrazin e .  The enzyme activity reached 
a maximum at 4 hr and returned to levels  comp arab le  to control l iver 
ODC activity by 12 hr a fter hydrazine treatment . There was es s entially 
no change in the observed l evel of ODC act ivi ty determined for the con­
trol anima l s  at any point over thi s  per iod o f  time . 
These results  have not been corrected for the increa sed ornithine 
p ool  size  noted for the hydra z ine- treated animals . Correct ion for this 
difference in poo l  size  would magni fy the relative enhancement in ODC 
activity due to hydrazine treatment . 
Us ing the 4 hr t ime point , a 1 : 1  mixture o f  ODC enzyme preparations 
was as sayed to examine the possibi l i ty that an activator might be  pre­
s ent  in the l iver sup ernatant from the hydrazine- treated animal or an 
inhib i t or in the prepara t ion from the control l iver . As shown in 
Table  VI , the ODC activity in the 1 : 1  mixture was near ly midway between 
the activity in the control and hydra z ine- treated preparat ions . Thes e  
resul ts  tend to  el iminate  the possible pres ence o f  dis sociable  act ivators 
or inhibi tors in the supernatants used for the assay procedure . 
E ffect o f  Cyc loheximide and Actinomycin D on ODC Activity 
The e ffects o f  two inhibi tors o f  nuc leic  acid and protein bio­
synthes i s  were s tudied in an attempt to suggest a pos s ible  mechani sm 
for the elevated ODC activity observed following hydraz ine treatment 
(Tab l e  VII ) .  S ince the change in ODC activity reached a maximum a t  
about 4 h r  after exp er imental treatment , thi s t ime point was sel ected 
to s tudy the effects o f  prior exposure of the anima l s  to either cyclo­
heximide or Act inomycin D .  
Tab le  VI 
Hepatic  ODC Activity in a 1 : 1  Mixture o f  Supernatants 
from Hydraz ine- treated and Control Anima ls  
ODC Activity 
Enzyme Preparation (pmoles l4CO 2 formed/8 min) 
Control 56 ± 24* 
Hydrazine 940 ± 124 
1 :  1 Mixture 5 7 6  ± 60 
* S tandard error o f  the mean from 4 animal s  (400-480 g) 
Preparations from 4 hr control and hydraz ine- treated animals  were 
used for these determinat ions . 
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Table  V I I  
Effects  of Cyc lohexim ide and Act inomycin D on 
Addit iona l 
Treatment if 
None 
4 hr 
Cyc lohexim ide 
4 hr 
Cyc lohexim ide 
1 hr 
Act inomyc in D 
4 hr 
Act inomyc in D 
1 hr 
Hepatic  ODC Act ivity 
Enzyme Act ivity ( pmo les l4COz formed ) 
mg pro t / 30 min 
Contro l Hydra z ine 
( Fasted) 
150 ± 17* 980 ± 8 9  
(8)  *>'< (8)  
6 2  ± 10 60 ± 9 
(4) (4) 
83 ± 8 261  ± 73 
(4) (4) 
102 ± 13  1 6 1  ± 25  
( 10)  ( 9 )  
3 7 3  ± 9 1 1 78 ± 62 
(4)  (4) 
* St andard error o f  the mean 
** Number of anima l s  
p < . 0005 
N . S . D .  
p < . 05 
p < . 05 
p < . 0005 
6 3  
if Anima l s  in this study were e ither 4 hr cont ro l o r  hydra z ine -treated 
rat s . An ima l s  g iven e ither cyc lohex imide or Act inomyc in D at the 
onset of the exper iment are ind icated by the 4 hr no tat ion be low the 
name of the drug . An ima ls  rece iv ing the se drugs three hours after 
the onset o f  the exper iment are ind icated by the 1 hr notation 
be low the name of the drug . 
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In this exp eriment cycloheximide (50  mg/kg ) , an inhibitor of 
protein s ynthes i s  at  the translational l evel , no t only comp l etely 
prevented the increased ODe a ctivity when admini stered at  the same 
t ime as hydraz ine (4 hr) , but produced a s igni ficant decreas e  in 
activity in both the contro l (p < . 0025 )  and hydrazine- treated animal s  
( p  < . 0005) compared t o  the 4 hr fasted controls . When cycloheximide 
was inj ected three hours a fter the hydrazine ( indi ca ted  in the tab le  
as 1 hr  be fore sacrifice o f  the anima l s ) , hepatic ODe activity was 
signi ficantl y  l e s s  (p  < . 0005)  than the activity observed in the 4 hr 
hydraz ine- treated animal wi thout inhibitor . Al though the ODe activity 
in thi s  lat ter group of cycloheximide and hydraz ine- treated anima ls  
was greater ( p  < . 05 )  than in  the respective control anima l s , it  was 
not s igni fi cantly higher than the 4 hr fas ted control anima l s . These 
con trol animal s  receiving cycloheximide 1 hr before sacri fice had 
lower (p < . 005 )  hepatic ODe activity than in the 4 hr fasted control s ,  
but were not d i f ferent from the control group receiving cycloheximide 
4 hr be fore sacri fice . 
Actinomycin D (0 . 8  mg /kg ) , whi ch interferes with protein synthes i s  
at the transcriptional l evel ( 1 5 9 ) , p revented the increase i n  ODe activ­
i ty produced by hydrazine treatment when it was administered at the 
same time as hydraz ine . However ,  the hydrazine- treated anima ls  demon­
s trated sl ight ly higher (p < . 05)  ODe a ctivities than the correspond­
ing fasted con trol s . When Ac tinomycin D was inj ected 3 hrs a fter the 
adminis tration of ei ther hydraz ine or saline (1 hr be fore sacri fice) , 
it  did not inter fere with the observed elevation in ODe ac tivity due to 
hydrazine . Indeed , in addit ion to a signi ficant difference (p < . 0005) 
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between the hydrazine and saline- inj ec ted animal s ,  both showed an 
actual increas e in the ODC activity (p < . 0005) when compared to the 
4 hr fas ted control anima l s . The l evel of ODC activity in thi s 
hydraz ine- treated group o f  anima l s  was even sl ightly greater ( p  < . 05)  
than that group receiving only hydraz ine . 
Phenylalanine Decarboxylase Activity 
By determining hepatic  phenylalanine decarboxyl ase (PDC , 
3 ,  4- dihydroxy-L-phenylalan ine carboxy- lyase , E . C . 4 . l . l . 26 )  activity, 
we were abl e  to  as certain that th e obs erved changes in ODC activity 
did not appear to be due to a non- speci fic e ffect o f  hydrazine treat­
ment wi th respect to pyridoxal phosphate-requir ing decarboxylases . In 
fac t ,  Tab le VI I I  A contains data showing an actual decrease (p < . 005 )  
in  PDC activity at 4 hr  after hydraz ine treatment when compared to the 
activity in the 4 hr control liver supernatant . However , there was 
an increase (p  < . 00 1 )  in the PDC activity observed at 24 hr in the 
hydraz ine- treat ed animal when compared to e i ther the 4 or 24 hr values 
for PDC activity in control anima l preparat ions . The 24 hr control 
animal also  showed a s igni fican t  decrease (p < . 01 )  in PDC activity 
when compared to the activi ty found in the 4 hr control l iver super­
nat an t .  In con trast  to ornithine l evel s ,  there was no s igni ficant 
d i f ference in free endogenous phenylalanine poo l s  as the resu l t  o f  
hydrazine treatment o r  fas t ing over the time period s tudied (Table 
VI I I  B ) . Thus , the changes in ob served PDC activity were ne ither the 
resu l t  of a di fference in phenylalanine pool size  nor the cause  o f  
alterations o f  l iver phenylalanine concentration . 
Tab le VII I  
PDC Ac t iv ity and Phenylalanine Poo l S ize Fo l low ing 
Time After 
Treatment 
(hr)  
4 
24 
4 
24 
Experimental Treatment 
A .  PDC Activity 
(p mo les 14C02 /8  m in/ g l ive r) 
Contro l Hydraz ine 
4309 ± 26 1* 3 1 7 1  ± 187 
( 9 ) ** ( 9 )  
3099  ± 258 6901  ± 285 
( 5 )  ( 5 )  
p < . 0 1 P < . 00 1  
B .  Free Endogenous Pheny la lan ine Poo ls 
(� mo le s / g  l iver) 
0 . 1 1  ± . 02* 0 . 168 ± . 03 
( 8 ) ** 
0 . 1 1 ± . 03 0 . 12 ± . 03 
( 5 )  (4)  
N .  S . D. N. S . D. 
* Standard error o f  the mean 
** Number of anima ls  
p < . 005  
p < . 00 1  
N . S . D . 
N . S . D . 
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Time- course of Hepatic  Putres cine, Spermidine and Spermine Levels  
After  the increase in liver ODe activity due to  hydraz ine treat­
ment was observed ,  a t ime- cours e  s tudy ( 0 ,  2 ,  4, 1 2 ,  24 , 48 hr time 
points)  was des igned to determine wheth er this change was reflec ted 
in a l t erations in hepatic putrescine , spermidine and sp ermine level s .  
The results  from 4 anima l s  at each point are summarized in Table IX . 
The t ime- course o f  change s  in putrescin e ,  sp ermidine and spermine 
l eve l s  reported on a DNA basis from zero t ime to 48 hr are il lus trated 
in Figures 8 ,  9 ,  and 10 , r espectively . Hepatic  putres cine l evel s  were 
elevated significantly (p < . 005 )  2 hr after hydraz ine treatment rela­
t ive to the 2 hr control animals  and reached a maximum concen tration 
about 12 hr a fter the animal s  were inj ected with the compound . At 
the 48 hr time point , putrescine leve l s  appear to be returning toward , 
but were s t i l l  greater (p < . 025 )  than the leve l s  found in the l iver s 
o f  the control anima l s  fas t ed for the s ame p er iod o f  time . The putres ­
cine leve l s  in the l ivers o f  control animals  were not a ffected s igni f­
i cantly as the result o f  fast ing up to 48 hr . The spermidine leve l s  
o f  the 2 h r  contro l ,  fasted groups decreased (p < . 0 2 5 )  relat ive t o  
the z ero hour contro ls  and the 2 h r  hydraz ine- treated animal s .  At 4 hr , 
there was no s igni f icant  d i fference between the two experimental group s ,  
o r  relat ive to  the z ero t ime l evel s .  By 1 2  h r  spermidine levels from 
the l ivers of the hydraz ine- treated group were elevated (p < . 0005) 
compared to the l eve l s  in the l iver o f  the 12 hr control rats . Sperm­
idine leve l s  in the hydraz ine- treated group reached the ir maximum at  
about 24  hr  and s tarted to return toward the leve ls  obs erved in the 
l iver from the 48 hr fas ted control rat s . The l evel at 48 hr in the 
Tab le IX 
Time-course of Hepat ic Polyamine Leve ls  Fo l low ing Hydraz ine Treatment 
Time After Group Pu tre s c ine Sperm idine Sperm ine Liver 
Treatment Concentra t ion Concentrat ion Concentrat ion We ight Rat io 
(hr) 01mo l e s / g  dry w t )  (Jzmo les/  g dry wt)  �mo le s / g  dry wt)  (g dry wt/g we t wt ) 
0 2 7  ± 4 499 7  ± 146 5029 ± 144 0 . 26 0  ± . 002 
2 
Contro l 18 ± 4 4707 ± 207 5348 ± 43 0 . 26 0  ± . 002 
Hydraz ine 185 ± 20 5328 ± 121 5757  ± 7 3  0 . 242 ± . 004 
p < . 0005 p < . 02 5  p < . 0025 p < . 0 1 
4 
Contro l 3 1  ± 3 5047 ± 147 5045 ± 2 7  0 . 252 ± . 002 
Hydraz ine 3 14 ± 25  6258 ± 177  5608 ± 130  0 . 220 ± . 004 
p < . 00 0 5  p < . 0025  p < . 005 p < . 0005 
12 
Contro l 54 ± 5 5373  ± 3 73 6 960 ± 56 0 . 242 ± . 002 
Hydraz ine 667  ± 1 12 7 105 ± 170 5423 ± 48 0 . 238 ± . 002 
p < . 0025 p < . 005  p < . 0005 N . S . D . 
24 
Contro l 3 0  ± 3 4845 ± 372  7077  ± 23 1 0 . 252 ± . 004 
Hydraz ine 445 ± 104 9402 ± 125 496 1 ± 206 0 . 244 ± . 002 
p < . 005 p < . 0005 p < . 0005 N . S . D . 
48 
Contro l 27  ± 2 4487 ± 282 7329 ± l32 0 . 240 ± . 006 
Hydraz ine 94 ± 26 7485 ± 576 5 1 17 ± 100 0 . 268 ± . 004 
p < . 02 5  p < . 0025 p < . 0005 p < . 0 1 G\ 
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hydraz ine- treated animal s  wa s the same as that found in  the z ero hour 
con trols . In the case o f  sp ermidine , fasting did produce a decreas e  
(p  < . 005  at 48 hr) i n  obs erved hepatic  concentrations comp ared to 
the l eve l s  found in the fed control ( z ero t ime point) and these were 
s t i l l  decl ining after 48 hr at the conclus ion of the study . There was 
a sl igh t  decrease (p  < . 025 )  of spermine levels in the l ivers of the 
2 hr control group comp ared to the 2 hr hydrazine- treated group , no 
s igni ficant  dif ference at the points measured between 2 and 24 hr , 
and a decrease (p < . 0025)  in the hydraz ine- treated group comp ared to 
the l evel s  in the control group a t  the 48 hr t ime point . The level 
found a t  48 hr in the hydraz ine- treated group was also  decreased 
(p < . 005 )  from bo th o f  the 24 hr group s . Except for the 2 hr point 
the l evel s  o f  spermine in control animals  were not decreas ed rel ative 
to the zero time controls . 
Hep a t i c  protein,  RNA and DNA levels are included in Table  X to 
fac i l i tate addi t i onal calculat ions in order to examine the results on 
a different bas is than tha t pre sented above . However , there is no 
chang e in the interp retation of the data when thes e  calculat ions are 
done . 
Hepatic  Leve l s  o f  l-Arninobutyri c Acid Following Hydraz ine Treatment 
Seiler et al . ( 160)  reported the incorporation of radioac tive 
label into y- aminobutyric  acid (GABA) in rat l iver as early as 1 hr 
f . . 1 . . . f l4C t . a t er an lntraperltonea lnJ e ctlon 0 - pu reS Clne . These inves t i -
gators sugges ted that GABA may b e  a catabol i c  metabolite  from putres-
cine and related polyamines in vivo . As part o f  the amino acid 
Table X 
Time- cour se o f  Hepat ic Pro te in ,  RNA and DNA Leve l s  Fo l lowing Hydraz ine Treatment  
Time After Group Liver We ight Prote in RNA DNA 
Treatment ( g )  (mg pro te in/ g w e t  wt)  (mg RNA/ g  w e t  w t )  (mg DNA/ g  wet w t )  
(hr)  
0 14 . 6 12 ± 0 . 247 199 ± 14 8 . 68 ± . 06 3 . 10 ± . 27 
2 
Contro l 14 . 2 1 1  ± 0 . 3 10 2 19 ± 1 1  8 . 82 ± . 07 4 . 13 ± . 12 
Hydraz ine 14 . 3 13 ± 0 . 42 5  2 16 ± 18 8 . 55 ± . 00 3 . 72 ± . 1 5 
N . S . D . N . S . D . P < . 005 p < . 05 
4 
Contro l 15 . 83 7  ± 0 . 430 2 16 ± 12 8 . 5 1 ± . 14 3 . 5 1 ± . 18 
Hydraz ine 16 . 090  ± 0 . 3 7 3  2 1 5  ± 6 7 . 98 ± . 13 3 . 50 ± . 05 
N . S . D .  N . S . D . P < . 025  N . S . D . 
12 
Control 1 0 . 726 ± 0 . 662 268 ± 14 9 . 58 ± . 12 4 . 86 ± . 13 
Hydraz ine 14 . 008 ± 0 . 363 2 14 ± 13 7 . 85 ± . 19 3 . 7 7 ± . 1 5 
p < . 0025 P < . 025 p < . 0005 p < . 0025 
24 
Contro l 9 . 62 1  ± 0 . 253 168 ± 4 9 . 3 1 ± . 26 5 . 3 1 ± . 28 
Hydraz ine 14 . 26 1  ± 0 . 230  149 ± 8 8 . 84 ± . 07 3 . 60 ± . 06 
p < . 0005 N . S . D .  N . S . D . P < . 0005 
48 
Contro l 9 . 630 ± 0 . 207 238 ± 11 8 . 13 ± . 8 1 5 . 4 1 ± . 20  
Hydraz ine 1 1 . 9 2 1  ± 0 . 341 213 ± 17 9 . 7 5 ± . 1 1 5 . 03 ± . 08 -..J 
P < . 0025 N . S . D . P < . 05 N. S . D .  w 
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analysis o f  the 20 , 000 x £ l iver supernatants  in the present s tudy , 
measurable  level s  o f  GABA were noted as ear ly as 1 hr fol lowing hydra­
z ine trea tmen t ,  whereas , GABA was not detected in s igni ficant quant ity 
in the l iver sup ernatants from the z ero t ime control animals  or animal s  
fasted up to 2 4  hr . The l imits o f  the as say procedure are such that 
approximately 1 nmo1 e  of GABA would be needed for detection . As shown 
in Tab l e  XI , there is  essentially a cons tant level o f  GABA present for 
at leas t 24 hr fol l owing hydrazine treatmen t . 
Other Enzymes Involved in Ornithine Metabol ism 
S ince ornithine is  known to p lay a central role in the catabol ism 
of amino acid nitrogen as p ar t  of the urea cyc l e ,  the activities o f  
the urea cycle-related enzymes directly involved in ornithine metabo­
l i sm ,  ornithine trans carbamy1as e (aTe)  and arginas e ,  were s tudied . 
The results  o f  a t ime- course s tudy o f  hepatic aTe activity in con­
trol and hydrazine- treated animals  is i l lus trated in Figure 1 1 .  The 
aTe activity from the l ivers of 4, 12 and 24 hr fas ted control animals  
did not vary s igni ficantly from the level o f  activity in l ivers from 
z ero hour control animals . In the hydrazine- treated animal , hepatic 
aTe activi ty was s ignifi cantly lower (p < . 0005 ) at 1 2  hr when compared 
to the 12  hr fas t ed control animals . This value was also decreased 
( p  < . 025 )  in relation to the activi ty observed in the a hr contro l s  
and the 2 4  h r  hydraz ine- treated group (p < . 005) . The obs erved activ­
ities  from the 24 hr control and hydrazine- treated group s were no longer 
statis t i cally differen t  from one another or from the zero hour controls . 
A s imilar t ime- course  s tudy dep icting hepatic arginas e activity in 
Table XI 
Hepat ic Leve ls  o f  Endogenous GABA Fo l lowing 
Time After 
Treatment (hr) 
1 
2 
4 
6 
12 
24 
* Number o f  anima ls 
Hydraz ine Treatment 
JJ. mo les GABA 
g l iver 
0 . 33 
(2 )* 
0 . 22 
( 2 )  
0 . 22 
( 12)  
0 . 43 
( 2 )  
0 . 3 1  
( 2 )  
0 . 26 
( 7 )  
JJ. mo les GABA 
mg DNA 
0 . 04 
( 9 )  
0 . 04 
( 5 )  
7 5  
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con trol and hydrazine- treated animal s  i s  shown in Figure 1 2 . 
Arg ina se activi ty in l ivers from the 4 hr hydraz ine- treated rats was 
less  (p  < . 05 )  than that found in the 4 hr fas ted saline- inj ected rats . 
At 4 hr , both the hydraz ine- treated (p < . 0005 ) and control anima l s  
( p  < . 025 ) had lower arginase activities  than the zero hour controls . 
Arg inase  act ivity in the livers from the hydraz ine- treated anima l s  
seemed t o  be returning toward zero hour values b y  1 2  h r  and was s l ightly  
greater ( p  < . 05 )  than the zero hour control l eve l s  at  24  hr . Arg inas e  
activity i n  the control anima l s  a l so returned toward normal values and 
was no longer different from e i ther the z ero hour con trols or the 24 hr 
hydrazine- treated group s at 24 hr . 
Orni thine d - transaminase (OTA)  , the remaining enzyme involved 
directly in hepatic  ornithine metabolism in the rat , has been des cribed 
as p laying a regulatory role connecting both the urea and tricarboxyli c  
acid cycl e  functions ( 1 61 ) . A t ime- course s tudy fol lowing OTA activity 
for the 24 hr period after hydrazine treatment is  i l lus trated in 
Figure 1 3 .  The observed OTA activity i n  the hydraz ine- treated rat 
was decreas ed s igni ficantly ( p  < . 0005 ) at  4 hr when compared to the 
act ivity from the 4 hr con trol group . The observed l evels of  OTA 
a c t ivity s tayed cons tant  through the remaining t ime period s tudi ed .  
OTA activity from the control animals  did not vary s igni ficant ly from 
the z ero hour control animals  at any point in the s tudy . 
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DISCUSSION 
The elevation of endogenous hepatic free ornithine pool s ize due 
to hydraz ine treatment observed in the pres ent study and reported 
previous ly by our l aboratory ( 3 1 , 33) and others ( 32)  appears to be 
the resul t of al terations in the activities of the hep atic enzymes 
invo lved in ornithine metabolism.  These changes revolve around al tera-
tions in the four enzymes that participate directly in the hepatic 
metabol ism of ornithine descr ibed in the introduction . The rel ative 
ratios of the ac tivities  of these enzymes in rat l iver have been 
6 
estab l i shed to be in the order o f  magnitude of 7 . 5xlO 6 lxlO 
3 
2 . 5xlO : 1 for argina s e ,  OTC ,  OTA and ODC ,  respectively ( 1 57 , 162) . 
In reviewing the data presented , cons ideration as to the s ign i ficance 
of each s eparate exp eriment is  needed be fore corre lat ive discus sion 
o f  the whole s tudy can become meaning ful . 
The anorexia produced fol lowing hydraz ine treatment resul ts in 
the fai lure of the rats to consume food for several days ( 1 1 ) . In the 
exp eriments involving hydraz ine- treated animals , a compari son of fasted 
control rats with fed contro l animals  was made in order to as certain 
the effect of s tarvation alone on the p arameters be ing examined . The 
e ffects  produced by hydraz ine treatment were determined by comparison 
between these fasted control anima ls  and th e hydraz ine- treated animals . 
Hydraz ine treatment produced approxima tely a 45% de crea se in 
observed arg inase activity at the 4 hr time point (Figure 12 ) . Thi s 
decrease in activity was not as remarkab le as it first might appear 
81 
s ince the activity in the control animals also decreased approximately 
30% at  the same t ime point . Fol lowing thi s  decl ine in activity ,  
arg inase activity began t o  increase . The rate of increase i n  activity 
was noted to be s l ightly greater in the hydraz ine- treated animals than 
the corresponding control group . It is possible that this latter 
increas e  in leve l s  of arg inase  activit ies in both control and hydraz ine­
treated animals  was due to fas t ing . I f  th i s  increase were to continue , 
i t  woul d  be  con s i s t en t  with observations reported by S chimke ( 1 63) . 
His study showed a slow ,  two- fold elevat ion in hepatic arginase activi­
ties over a s ix day fasting p eriod . In his s tudy , the trend towards 
increased arg inase  activit i es had developed by one day , but there too , 
the level o f  enzyme activity was not s igni ficantly different from the 
z ero hour control anima l s ' level . 
In addition , S chimke ( 1 64) has shown that the activities o f  all  o f  
the hepat i c  urea cycle enzymes are enhanced i n  rats fasted for either 
four or seven days . Knox and Greengard ( 1 6 5 )  exp lained the elevated 
hepatic  urea cycle  activity in fas t ing rats as being a response to the 
increas ed breakdown of t i s sue proteins . The ini tial decreas e  in 
arg inase activity in the contro l animals is  p erhaps due to a diurnal 
variation of the enzyme activity . Furthermore ,  Katunuma et � . ( 1 66)  
have noted increased hepatic  urea cycle activity wi th increased hepatic  
ornithine concentrations . This interdependency between ornithine leve ls  
and urea cyc le activity migh t account for the obs erved rap id rate of  
increase in hepatic arg inase activity noted due to the hydraz ine treat­
ment between 4 and 24 hr s ince this period of t ime encompassed the time 
o f  the maximal ornithine level s .  
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However , no  increase in  hepatic arg inas e activity was observed 
by Roberge et a l e  ( 1 6 7 )  a fter four days o f  fasting . In thi s  s tudy o f  
the effects  o f  a chronic treatment with hydraz ine on hepatic  urea cycle  
enzyme activi ties compared to  levels  from fasted controls , these workers 
administered a daily subconvul s ive dos e  o f  hydraz ine ( 1 . 0  mmole/kg/day , 
neutralized hydraz ine sul fate) intrap eritoneal ly for four consecutive 
days . (The s ingl e  dos e  of hydraz ine used in the present  s tudy was 
1 . 25 mmo le/kg . )  They reported activities  for the hepat i c  urea cycle 
enzymes from fed control animals , four day hydraz ine- treated and four 
day fas t ed control animal s  wi th no examination o f  intermediate t ime 
point s . From th is model ,  they concluded that hydraz ine treatment did 
not produce al terations in arg inase activity in rat l iver s ince they 
obtained the s ame results  from all  three groups of anima l s . 
The data presented in the present s tudy tend to support the trend 
noted by Katunuma et al . ,  Knox and Greengard,  and Schimke , rather than 
the observat ions reported by Roberge et al e However ,  the experimental 
model  of the present  s tudy was not s imi lar enough to that o f  Roberge 
et al e for exact comparisons of resu l t s  and conclus ions to be  made . 
Al terations s imi lar to those noted for arginase activi ty were 
obs erved for hepatic OTC act ivity in the present  study . OTC is also  
a component o f  the urea cycle  but uti lizes ornithine as a substrate 
rather than catalyz ing its formation . Excep t for the s igni ficantly 
decreas ed hepat i c  OTC activity (40%) noted in the l iver o f  hydraz ine­
treated animals  at  the 12  hr time point (Figure 1 1 ) , no differences in 
the activi ties  o f  th is enzyme were observed between the control and 
hydrazine- treated group s at the other points s tudied when compared 
8 3  
wi th the z ero hour control animals . OT e  activity developed an apparent 
trend , s imilar to the temporal trend described for arg inase activi ty 
above , indicating the pos s ib i l i ty that a further increase in activity 
cou l d  be  ant i c ipated as woul d  be predic ted from the above general 
discu s s ion of the urea cycl e  enzymes . Although there was only one 
time point at whi ch a d i fference in OTe activity was observed between 
the hydraz ine- treated and control animals  in the present s tudy, that 
decrease in act ivity correlated with the increase in hepatic  ornithine 
concentrations and could exp lain , in part , the alteration in the l eve ls  
o f  the l at ter ( Figure 2 ) . 
In the s tudy by Roberg e et al . ,  no d i fference in the l evel of  
OTe act iv i ty was obs erved a fter four con secutive days of  hydraz ine 
admini s tration when compared to untreated ,  fed control s .  However , 
fas t ed control animals  showed s igni ficant increases in hepatic OTe 
activities  relative to either the hydraz ine- treated or the untrea ted , 
fed group s .  The se resu l t s  were in agreement wi th predicted increases 
in the enzymes of  the urea cycle  a fter p er iods of  s tarvation as would 
be  derived from the resul t s  reported by others and discus sed above . 
A possible  exp lanation for their observat ion that hydraz ine treatment 
(which involves fast ing)  did not increas e  OTe activity may be that the 
dai ly dos e  of hydraz ine caused a reduction in OTe activi ty s imi lar to 
the resu l t s  of the present s tudy shown in Figure 1 1 .  
Al though the remaining urea cycle enzymes were not examined in the 
present s tudy , the effects produced by hydraz ine have been s tudied by 
Roberge et al . ( 1 67 )  and others ( 32) . Of these remaining enzymes ,  the 
activity of argininosuccinate s ynthetase was s ingled out as the mos t  
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influential in affecting the al terations in ornithine metabolism via 
the urea cyc l e .  S imonsen and Roberts ( 32 )  noted increased l iver 
citru l l ine contents  with no indication of increased argininosuccinate 
a ccumulation fol l owing hydraz ine treatment in mice . Their data l ed them 
to sugges t  that  hydrazine caused the condensation of ci trull ine wi th 
aspartic acid by argininosuccinate syn thetase to be the rate- l imiting 
s tep in urea p roduction and thus exp lained the increas ed levels  o f  
c i trul l ine observed fo l lowing hydraz ine treatmen t .  Roberge e t  al . 
( 1 67 ) s tudied the arg ininosuccinate synthetase sys tem from rat l iver 
and their results  supported the same conclusion . This mechanism woul d  
exp lain the increased citrull ine l evels  noted (Tab le 2 )  a fter hydraz ine 
treatment in the present s tudy .  
As s imi l ar ly shown for the enzymes of the urea cycl e ,  s tudies have 
revealed enhancement of OTA activit ies under circums tances ,  such as 
s tarvation ,  in which protein is mobil ized via catabol ism ( 165 , 168) , 
thus increas ing the hepatic  leve l s  of amino acids ( 3 1 ) . These increased 
OTA a ctivities in the l ivers of both the fasted controls  as wel l  as  the 
hydraz ine- treated rats would be expected , yet OTA activity was clearly 
decreased within 4 hr due to hydraz ine treatment (Figure 13 ) . This 
depres sion in hepatic  OTA activity due to hydrazine treatment remained 
at approximately 40% of the activi ty observed in the fas ting control 
animal s  during the course ( 24 hr) of the s tudy. S ince the reaction 
cata lyzed by OTA is  reversib le , the ques tion could  be raised as to 
what effect thi s  decrease  in OTA activity would have on the ornithine 
pool s i z e .  The equi l ibrium cons tant for thi s reaction s trongly favors 
the convers ion of ornithine to glutami c  ,- semialdehyde ( 5 9 ) . Moreover , 
mos t  of the glutamic y - s emial dehyde der ived from ornithine was 
converted to glutamate in a rat l iver mi tochondrial sys tem ( 1 69) . 
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In ano ther s tudy , Katunuma et  al . ( 1 6 6 )  have reported quant itative 
format ion o f  glu tamate from ornithine in isolated mitochondria from 
rat  l iver . Thus , i t  appears that this decrease in OTA activity coul d 
be  a pr imary cause  for the init ial elevation in orni thine pool s i ze 
as  we l l  as the sustained increased leve l s  present at the conclus ion 
o f  the time- course s tudy (Table II) . 
Rob erg e et � .  ( 1 6 7 )  also  included OTA a s  one of the enzyme 
ac tivities they s tudied fol lowing hydraz ine treatmen t .  These 
workers reported a marked inhibition of OTA activity ( 1 5% of the 
control activity) after four consecut ive days of hydrazine admin­
is tration . These workers pos tulated that thi s inhib it ion provoked 
the accumulation of hepatic ornithine ( as reported by Banks ( 3 1 )  
24 hr after a s ing l e  dose o f  hydraz ine) and imp l ied that thi s 
decreased OTA activity was the only exp lanation of the increa sed 
hepatic  orni thine levels result ing from hydraz ine treatment . As 
will  become apparent l ater in thi s discuss ion , the decreased OTA 
activity obs erved in the present  study fo l lowing a s ing le  subcon­
vul s ive dose of hydraz ine can only partially exp lain the resul tant 
time- course of al terat ions in hepatic  orni thine pool s iz e .  
I n  addi tion t o  influencing the levels  o f  hepatic ornithine concen­
trat ion , Katunuma and co-workers ( 1 6 6 ,  1 69 )  believe that OTA plays an 
important role in the l iver by interrel ating the urea and tric arboxylic  
acid cycles . Th is role  would exp lain the dependency of the urea cycle 
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activity on the orn i thine content of the l iver as mentioned earlier . 
In the ir view , the rate at which OTA helps to catalyze the reaction 
between orni thine and a-ke tog lutarate to form glutamic y - s emial dehyde 
i s  a contro l l ing fac tor on the concentrat ion of orni thine available  
for the urea cycl e .  S ince a-ketoglutarate is formed in  the tri car­
boxylic  acid cycl e ,  it affords the connection be t'veen these two cycles  
as sociated with the name o f  S ir Hans Krebs . 
The rema ining enzyme involved in ornithine metabo l i sm in rat 
l iver , ODC , showed marked chang es in activity in the hydraz ine­
treated anima l when compared to control animals . The rap idity of the 
rise  and decl ine of ODC activity after hydraz ine treatment is a 
charac teris tic  behavior for thi s  enzyme and has been related to its  
extremely shor t ha l f- l i fe o f  10- 1 5  min ( 1 05) . The a l terations in 
ODC act ivities  probab ly had a neg l ig ib le effect on the obs erved 
fl uctua tions in the endogenous ornithine pool sizes  because of the 
rel ative activities  previous ly  mentioned for the enzyme s involved 
in hepatic  ornithine metabolism.  
The increas ed ODC activity ( Figure 7 )  at 4 hr resu l ting from 
hydrazine treatment was remarkab l e  in face of the obs erved concurrent 
decreased PDC activity (Table  VIII)  at 4 hr s ince hydrazine has been 
obs erved to cause inhibit ion of enzymes util izing pyridoxal phosphate 
as a cofactor in both in vi tro and in vivo studies . In this  regard,  
Fortney � �. ( 2 3)  reported an inhib it ion of extramitochondr ial 
glutami c - oxalacet ate transaminase in vivo . S imonsen and Roberts ( 32 )  
accounted for increased hepatic concentrat ions of alanine , glu tami c 
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acid , aspartic acid , orni thine and glycine which they observed after 
hydrazine treatment in mice by inhibi tion of the Vitamin B6-requiring 
enzymes by hydraz ine .  Ki l l am and Bain (25)  obs erved that in vitro 
inhib i t ion by hydrazine and its  derivatives could be revers ed by the 
addition of the Vitamin B6 complex .  These workers assayed three rat 
enzyme systems requiring pyridoxal phosphate as a cofacter after the 
animal s  received convulsive doses of the hydraz ide , thios emicarbaz ide 
or s emicarbaz ide . Of the enzymes s tudied , brain L-g lutamic acid 
decarboxylase , brain L-glu tamic- aspartate transaminas e ,  and l iver 
L- cys teine desul fhydras e ,  the in vivo effects of the hydrazides pro-
duced inhibi t ion of only the L-glutamic acid decarboxyl ase .  Thus , i t  
s t i l l  remains uncl ear whether hydraz ine inhibits mos t  pyridoxal -
requiring enzymes i n  vivo and i f  s o ,  whether the inhibition is  b y  the 
s ame mechani sm as that observed in vitro . 
The experiments utilizing the metabol i c  inhibitors , Actinomycin D 
and cycloheximide attemp ted to estab l ish the mechanism responsible for 
the hydrazine- induced increas e  in hepatic ODe activity (Table I I I ) . 
I t  should  be recognized that the dosages of  Actinomycin D and cyclo-
heximide commonly used in in vivo experimentation cause the animals  
to become extreme ly letharg i c .  I n  the present  s tudy , the do se used , 
which wa s the lowes t  dos e  reported in the l iterature for simi l ar s tudies , 
occas ional ly resul ted in the death of  the animal . There fore , one should 
consider that the e ffects of  these inhibi tors on  the observed enzyme 
activities might be exp l ained by other events  than inhibition of the 
protein synthes is  machinery . 
Ac t inomycin D was org ina l ly reported to act at the l evel of  
88 
transcrip tion , inhibiting DNA-dependent RNA synthesis  ( 1 70) . Later 
investigations have shown that there i s  a subsequent increased rate of 
breakdown o f  cel lular RNA fol lowing admini stration of Actinomycin D 
( 2 . 5  mg/kg , body weight) to rats ( 19 3 ) . Recently,  evidence us ing 
mouse  L- cel l s  has indicated that the observed inhibi tion of protein 
biosyn thes i s  by Act inomycin D was due to an inhibition in the rate of 
initiation of protein biosyn thesis  ( 194) . Thu s ,  i t  appears that a 
combination of the above factors may be respons ib l e  for the inhibition 
o f  protein biosyn thes i s  by Actinomycin D .  In the p resent s tudy , the 
obs erved increase in ODe activity fol lowing hydraz ine treatment was 
prevented when Actinomycin D was given concurrently with hydraz ine . 
Thi s  observation could be exp lained by inhibit ion of DNA-dependent RNA 
synthesis , increased breakdown o f  cel lular RNA , inhibi t ion of the rate 
of initiation of protein biosyn thes i s , or a combination of these  
mechanisms as cribed to Actinomycin D .  However , when Act inomycin D was 
g iven three hours after hydraz ine admini s tration ( 1  hr before sacri fice) , 
i t  did not interfere with the normal ly obs erved increased hepatic ODe 
activity resulting from hydraz ine treatment . One might postulate that 
during the 3 hr period be fore Actinomycin D was admini stered to the 
hydrazine- treated rat s ,  the messenger RNA (mRNA) that contains the 
mes sage for the syn the sis  of ODe had sufficient time to become part 
o f  the translationa l  comp lex .  Once a part of the translationa l  comp lex ,  
the mRNA could code for the b iosynthesis  of new enzyme needed to 
replenish the ODe levels  due to its  short half- l i fe . The hal f- l i fe of 
this specific mRNA has been estimated from s tudies wi th regenerat ing 
rat l iver fol lowing p arti al hep atec tomy to be four to s ix hours ( 1 05 ) . 
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However , these s tudie s  were based on data resulting from treatment of 
the animal s  wi th Act inomycin D .  S ince Actinomyc in D has been shown to 
cause  increas ed breakdown o f  cel lular RNA , this estimate i s  bel ived to 
be  too short and the mRNA should  be exp ected to be longer- l ived than 
p reviously  reported ( 1 94) . Increased hepatic  ODe activity , associated 
with the synthes i s  of a new species of short-l ived RNA , has been 
observed in mice during the first hour after p artial  hepatectomy ( 1 7 3) . 
In addit ion , Fausto ( 1 74) found increased incorporat ion o f  l4e-orotic  
acid into a fraction o f  RNA from rat l iver following partial hepatectomy 
whi ch was in synchrony with the rise in ODe activity . Though not a 
p roof in and o f  i t se l f ,  these data add support to the hypothe s i s  that 
new mRNA is being formed in the rat l iver which in turn wi l l  lead to 
increased l eve ls  of ODe activity . 
Al ternat ivel y  the enhancement o f  ODe activity by Actinomycin D 
(when g iven 1 hr before sacri fice) in both the control and hydraz ine­
treated anima l s  might be  the resu l t of decreased degradation of the 
enzyme resul t ing from decreas ed l eve l s  o f  enzymes catalyz ing the 
catabolism of ODe and the mRNA coding for ODe in the presence of this 
met abol i c  inhibitor . A s imi l ar enhancement has been obs erved using 
the same dose of Actinomycin D one hour after the intraperitoneal 
inj ect ion o f  histidine in rats which a l so produces an elevated hepatic  
ODe activity of s imi l ar magnitude to that noted in  this present  s tudy 
( l 30) . 
Cycloheximide , a known inhibitor o f  protein biosynthes i s  at the 
trans lational l evel ( 1 7 5 ) , was capab le  of preventing the increased ODe 
activity due to hydrazine treatment whether the inhibitor was given 
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concurrently wi th or three hours a fter the administration of the com­
pound . In the hydraz ine- treated animal , ODe activi ty would  be expected 
to increase  during the three hour period before receiving cycloheximide . 
However ,  th i s  increas ed leve l o f  activity was prevented when the animal s  
received cycloheximide one hour prior t o  sacrifice . This obs ervation 
could be ascribed to a combina t ion of factors including a decreased 
synthesis  of enzyme de novo as a resul t of the block at the trans lational 
level of protein biosynthes i s  by cycloheximide , and a s igni fican t loss 
of preexist ing enzyme ac tivity as a result o f  the extremely short half­
l i fe o f  the enzyme . 
The comb ined results  o f  thes e  s tudies wi th the metabolic  inhibitors 
sugges ted tha t  the increased ODe activi ty resulting from hydrazine treat­
ment appears to be  due to de � synthesis  of the enzyme . However , the 
actual stimulus activating thi s  increas e  in the synthe s i s  cannot be 
exp lained at present . In an attemp t to determine i f  the fac tor s t imula­
t ing the apparent increas e o f  ODe was mediated through a hormonal mech­
anism,  various hormones including hydrocortisone , growth hormone , insul in , 
g lucagon and thyroxin were shown to produce an increa se in hepatic ODe 
activity.  None of these  hormones were ab l e  to mainta in the elevated 
l evel s  of the ODe activity upon repeated treatment ( 1 76) . Al though 
these  hormones s t imul ated ODe activity,  the ques tion as to the mechanism 
by whi ch thi s  s t imulation takes place was not answered .  
The prop erty o f  having such a short hal f- l i fe ,  in combinat ion with 
the fact that ODe catalyzes the rate- l imit ing s tep in the biosynthesis  
o f  the polyamines , might sugg est  a possible regulatory role  for thi s  
enzyme . There was some evidence from the pre sent study to add 
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additional support t o  this possibility.  The Lineweaver- Burk p l ots for 
ODe from both the l iver of the hydrazine- treated animals  (Figure 5 )  
and the regenerating l iver a fter partial hepatec tomy ( Figure 6 )  could  
be redrawn i f  one corrects for the endogenous concentrat ions o f  
orn i thine contained i n  the crude enzyme preparations . These new 
reciprocal p lots  are non- l inear with upward curvatures at the lower 
subs trate concentrat ions , as noted in Figures 14 and 1 5 .  Thi s  kinetic 
behavior is  s imilar to that reported for subs trates which were also 
act ivators ( 1 7 7 ) . No mention o f  thi s e ffect of endogenous subs trate 
on the apparent activity o f  ODe in sup ernatants prepared from various 
ti s sues is found in the li terature . Presumab ly,  the endogenous ornithine 
i s  e i ther dis counted as a non- influential factor or the other inve stiga­
tors dialyzed the ir enzyme preparations wi thout s tating so in the ir tex t .  
However , Raina et  al . ( 1 02)  did dialyze the preparation o f  ODe from 
regenerating rat l iver fol lowing partial hepatectomy as part of the 
purification procedure in order to characterize ODe . Kinetic s tudies 
by thes e  workers provided a Km value of 0 . 2  mM for the enzyme with 
respect to ornith ine . This value was sl ightly higher than the 0 . 1  mM 
they determined on earl ier crude preparations . Extrapolation o f  the 
curves from Figures 14 and 15 yields Km ' s  of abou t 0 . 3 3 mM and 0 . 20 mM 
for ODe from hydraz ine- treated and partially hepatectomized an imal s ,  
respectively.  These various Km values should not  be cons idered 
s igni ficantly di f ferent from one another . However , these can be used 
to show the meaningful influence of endogenous ornithine leve ls on the 
kinetics  of the enzyme which might suggest an al losteric effec t .  The 
poss ibil i ty of subs trate activation of ODe as sugges ted by the kinetic  
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p l ots migh t be of fered as  an exp lanation for the increased ODe activity . 
However ,  prel iminary experiments , using higher exogenous ly- added con­
centrations in the a s s ay medium , indicated that  the di f ferences in 
fina l sub strate concentrat ions in the react ion mixtures due to the 
ornith ine concentration in the enzyme preparations from control and 
hydraz ine- treated animal s  would not exp lain the increase in obs erved 
ODe activity p roduced by hydraz ine treatment . 
The al terations in observed hepatic ODe activity discussed above 
due to hydraz ine treatment are reflected in subsequent changes in the 
endogenous polyamine concentrations . The early and rap id elevation of  
putres cine l eve l s  ( Figure 8 )  fol lowing hydraz ine adminis tra tion closely 
para l l el s ,  but follows the rise  in hepatic  ODe activity . Putrescine 
content continues to increase as long as there is greater ODe activity 
in th e hydrazine- treated group compared to the control group . By 48 hr , 
putrescine l eve ls  seemed to have returned a lmos t  to the leve ls  found for 
the control animals . At this time the l iver appears histologically 
nearly to have recovered from the toxic e ffects of  hydrazine ( 1 1 ) . 
The increased spermidine l eve l s  (Figure 9 )  para l lel and fol low the 
build up of putrescine . Spermidine concentrations peaked at  24 hr which 
might imp ly that  the l evel s  of this  polyamine were increased as a 
cons equence of  the prior rise  in putrescine content . The fact that 
sp ermine level s  did not show any signifi cant changes excep t when 
expressed on a gram of l iver weight bas i s  (wet or dry) tends to support 
the greater imp ortance of increased spermidine level s  to RNA and protein 
synthes i s  ( 1 7 8 ) . The obs ervation that the total spermine level s  did 
not decreas e  in conjunction with the rise in spermidine demonstrates 
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tha t th e increased spermidine leve l s  in the present s tudy were not at 
the expense of  the spermine already present in the liver as sugges ted 
by Rus s e l l  et  al e ( 1 78)  for simi lar changes in regenerating liver 
fol lowing p artial hepa tectomy . 
The express ion of  sp ermidine and putrescine on a per gram of l iver 
weight (wet  or dry) basis  did not change the pat tern of the observed 
a l t erations in their concentra t ions compared to the results  obtained 
when they were expressed on a per mg DNA basis . Express ion of  the da ta 
on a per gram of tissue ba sis does not take into cons idera tion differen­
tial  chang es in liver size  nor cel lul ar changes between the control and 
hydrazine- treated animals  in a unit weight of tissu e .  Fas ting itself  
resul ted in  an initial decl ine in  total l iver weigh t  which appeared to  
l evel off  by  48  hr  ( 1 63) . In the hydraz ine- trea ted, fasted anima l s , 
this effect o f  fas t ing did not produce a decreased l iver weight which 
one might presumab ly at tribute to the known l iver l ipid accumulat ion and 
increased protein contents discussed in the introduction ( 1 1 ,  30 , 31 , 
34 , 1 7 9 ) . There fore , in the present s tudy , comparing various parameters 
on a per gram of  t is sue basis does not p ermi t comparison between the 
s ame number of l iver cel ls  from the control and from the hydrazine­
treated animals . The quantity of  DNA is  general ly considered to 
approxima te the number of hepatocytes ( 1 52) . Consequently ,  i t  s eems 
usefu l  to view the dat a  in the present s tudy on a DNA bas i s .  However ,  
s ince other workers have calculated their resul ts  on a unit weight of  
t i s sue bas i s ,  the results  of the present s tudy have been pre sented on 
both a gram tissue we ight and a mg DNA basis in order tha t comparisons 
to o ther finding s could be made . 
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Although the speci fic time- course of  changes are different , 
alterations in hepatic  putrescine , spermidine and spermine l evel s  in 
regenerating rat l iver fol lowing partial hepatectomy reported by 
Rus s e l l  et al . ( 1 7 8 )  were remarkab ly s imilar in pattern to those 
ob served in the present s tudy as a response to hydraz ine treatment . 
In compari son to sham-operated controls , Russell  et al . ( 1 78)  showed 
that putres cine concentrations rose five- fol d  within four hours a fter 
p artial  hepatectomy , but thereafter showed a much more gradual dec l ine 
than was noted fol lowing hydrazine treatment in the present s tudy . The 
return o f  putrescine concentrat ion to basal levels  did not occur until  
s even days a fter the partial hepatectomy . According to Bucher ( 1 80) , 
s even days a fter partial hepatectomy , a rat ' s  l iver has es sentially 
returned to "normal" , showing the same size , growth pattern , and his to­
log ical  and b iolog i cal characteri stics  as the normal , unoperated control 
l iver . Thus , the return o f  putrescine to basal levels seems to occur 
when the l iver has returned to its  "resting" s tate in the hydraz ine­
treated as wel l  as the partial ly hepatectomized animals . Spermidine 
leve l s  began to increase about ten hours after parti al hepatectomy and 
remained el evated for at least fourteen days ( 178) . A port ion of the 
increased sp ermidine l evel was attributed by Rus sell  et �. ( 1 78) to  
convers ion of spermine to  sp ermidine . Thi s  conclus ion was based on  a 
coincidental decrease in spermine l evels  relative to those found for 
the sham- operated control animal s .  S i imes ( 1 2 5 )  had previously demon­
s trated the in vivo conversion of spermine to spermidine in rat l iver . 
Thi s decrease  in spermine level s  reported by Rus sell  et al . ( 1 78)  was 
comparab le  in magni tude to tha t  observed in the present s tudy after 
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hydraz ine treatment (Table  IX) when the data were expressed on a per 
gram of t i s sue bas i s  (as reported by Rus sell  et al . ) . However ,  from 
the data presented in Tables  IX and X, it is apparent that total 
spermine content of the liver was not altered by hydraz ine treatmen t .  
Therefore , it  woul d  seem l es s  l ikely that the increase in sp ermidine 
in the l iver of the hydraz ine- treated rat was the result of a conversion 
from sp ermine than due to synthes i s  de novo from putrescine . However , 
the hydrazine- treated animal s  showed a sma l l  decrease in their hepatic 
spermine l eve l s  a t  the 48 hr time point as compared to the control 
anima l s  when the resu l ts were expres sed on a mg DNA bas is . By 48 hr 
a fter hydraz ine treatment ,  putresc ine levels  were returning to the 
leve l s  observed for the control animal s ;  therefore , at the 48 hr point 
and perhap s at s l ightly later time points , some convers ion of sp ermine 
to spermidine may have been occurring wh i ch would account for the 
elevated l evels  of sp ermidine . 
I t  has been sugges ted that GABA i s  a product of the catabol i sm 
o f  the p olyamines in rat l iver and brain ( 160) . In bac teria , during 
the oxidation o f  these amines , the segment of these polyamines derived 
from putrescine is oxidized to r- aminobutyraldehyde followed by 
dehydrogenat ion to form GABA ( 1 8 1 ) . In the present s tudy , the 
appearance of GABA in the l iver within one hour after hydraz ine treat­
ment ( Tab le  XI ) adds further support for the exi stence of  such a path­
way in rat l iver . The other known alternative pathway of forming GABA 
is via the decarboxylation reaction catalyzed by glutami c acid decar­
boxy l as e ,  an enzyme known to be present in extremely low concentration 
in mammal ian l iver ( 1 66) . Furthermore , thi s  enzyme has been shown to 
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be  inhibited by hydrazine in vivo when as sayed in brain tissue (25)  
and might b e  expected to be inhibited in rat l iver . Even though GABA 
has been known principally as a neuro- inhibitory transmitter in mammals , 
S ei l er et al . ( 1 60 )  have demons trated the incorporation o f  radioactive 
carbon a toms from putres cine into GABA in various rat tissues including 
the l iver . Thes e  workers observed the format ion o f  l4C_GABA within one 
h ft " t '  14 . our a er �nJ ec  �ng C-putres c�ne intraperitoneally into rats . In 
the ir s tudy a greater proportion of the exogenous ly l abe led putres c ine 
inj ected was found in the l iver as GABA rather than as spermidine . 
No c l ear exp l anation for their findings can be offered at the present 
time , but one might speculate that poss ibly the exogenous putre scine 
might not have entered the endogenous cellular pools  of putres cine , 
and therefore was directed preferential ly into the catabolic pathway 
leading to GABA ins tead of the anabo lic  pathway l eading to spermi dine . 
Rus s e l l  et al . ( 1 7 8 )  reported a biologi cal hal f- l i fe of about 
14 90 min for intraperitoneally inj ected C-putrescine as as sayed in the 
rat l iver . The rap idity of the los s of the labeled putres cine is some-
what surprisi ng in view of the results  reported by Wi l liams-Ashman et � .  
( 1 57 ) . These workers determined the hepatic polyamine l eve l a fter 
al lowing t i s sues to autolyze for four hours at room temperature and 
found no differences in their levels when comp ared to those obtained 
from l ivers removed by a freeze-c lamp techni que . Although the se workers 
did not measure turnover per se , the ir resul ts woul d  suggest  that 
endogenous po lyamines had a relatively s low rate of turnover in vivo . 
As ment ioned in the introduction , the intent of  this s tudy was to 
del ineate the course of  metabolic  alterations resul ting in the increased 
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l iver ornith ine content in response to hydraz ine trea tment . In the 
present study , hydrazine produced p eak elevations in hepatic ornithine 
level s  that were nearly ten- fold greater when determined in the super-
natant fraction prepared for the ODe assays (Figure 2) and were s ix-
fold greater in whol e  l iver homogenates (Table  II )  than the correspond-
ing con trol l evel s .  The di f ference in the time- course of peak elevat ion 
obs erved be tween these two types of preparat ions already has been 
as cribed to the separation and subs equent dis carding of the mi tochon-
drial fraction during centri fugat ion of the homogenates . 
The ini t i al elevation of  orni thine levels coincided with decreased 
OTA activity due to hydraz ine treatment . As previously mentioned,  this 
decreased OTA activity was sustained throughout the 24 hr period 
examined and could be responsible  for ornithine levels  remaining 
e l evated a t  24 hr and a t  later time points . The addi t ional rise of 
ornithine leve l s  (between 4 and 24 hr)  appears to be a reflection o f  
the s l ight decrease i n  OTC activity whi ch reached a nadir at 1 2  hr 
after hydrazine treatment . A sma l l  decrease in OTe would create a 
greater proportional ch ang e in orni thine levels  than a much larger 
decreas e  in OTA because of the relative rates of activi t ies of the two 
enzymes indi cated above . The l ater decl ine of  ornithine leve l s  then 
s eems to reflect in creas ed utilization of ornithine in the reaction 
catalyzed by OTC . 
Both S imons en and Roberts (32 )  and Roberge et al . ( 1 67 ) have 
sugges ted that arg ininosuccinate synthetase is the rate- l imi ting step 
in urea produc tion fol l owing hydraz ine treatment . This "blockag e" of  
the urea cycle would p lay a role in  the increased orni thine l evels  and 
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would  help a ccount for the increased l evels  of citru l l ine found in the 
pre s en t  s tudy in response to hydraz ine treatment . However , even though 
the concentration of ornithine may be elevated as a resul t of a block 
in the urea cycl e ,  it should be  remembered that de � biosynthes i s  
o f  orni thine per se does not occur in the urea cycle . Thus , the 
a l teration s  respons ible for the increased ornithine levels  mus t  
u l t imately b e  due to factors outside of the urea cycle . 
Increased catabol i sm o f  skeletal muscle  protein cou ld be partially 
respon s ible  for the observed increase in hepatic ornithine levels . 
Banks ( 3 1 )  has suggested a "sma l l  mobilization o f  skel etal muscle  amino 
acids through protein catabo l ic pathways summed over the large muscle 
mas s "  could account for some o f  the increased amino acid leve l s  obs erved 
in hepatic tissue s . Al though orn ithine is not usually found in protein , 
increa sed l evels o f  this amino acid were reported in skeletal mus cle 
from rats treated wi th hydraz ine ( 3 1 ) . Perhap s thi s  rise in mus cle 
orni thine concentration could be a function o f  the arg inase activi ty 
p resent in skeletal mus cle . 
The mobil i zation o f  amino acids from the muscle  to the l iver could 
supply the increased hep a t i c  amino acid levels  which then could be used 
for the apparent st imulation of the hepatic protein synthe s i s  as 
des cribed in the introduc tion .  This increased incorpora tion o f  amino 
acid in to hepatic protein in response to hydraz ine reported by Banks 
( 3 1 )  and Smi th ( 34 )  followed an initial  period of decreased incorpora­
tion of amino acid into hepatic  protein in both hydrazine- treated and 
control anima l s . In the anima ls receiving hydraz ine treatment , the 
sugges ted decrease in protein synthes is  during the first several hours 
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fol l owed by a subsequent increase in protein synthes i s  can be  correlated 
with obs ervations from this  present study and studies from other l abora­
tories which indicate that the hepatic respons e to hydraz ine treatment 
may be des cribed as an ini tial "deg enerative phase" followed by a 
"regenerat ive s tate" with respect to cellular metabolism.  It  should 
be  noted that the obs erved increase in ODe activity occurred during 
this  " degenerat ive phas e , "  possibly setting the s tage for the l iver to 
initiate the "regenerative phase" to return the l iver to the normal 
condit ion a fter the insul t produced by hydrazine treatment . With the 
consideration o f  these two phases  and the apparent role p l ayed by ODe , 
i t  i s  interesting to compare the events fol lowing hydrazine treatment 
to thos e  found in regenerating l iver fol lowing p artial hepatectomy . 
Much o f  the ear ly work involving ODe and polyamine metabol ism utilized 
the regenerat ing rat l iver as a model system .  I t  has been shown that 
ODe activity increases  ten to forty- fold during the first few hours 
fol l owing p artial hepatectomy ( 101 , 128)  in comparison to the fi fteen­
fo l d  increase  in response to hydrazine treatment obs erved in the present 
s tudy . The s imilarities in the Km ' s  determined for ODe from rat l iver 
fol low ing e i ther hydraz ine treatment of p artial hepatectomy in the present 
s tudy indicates that the enzymes in the two sys tems are probab ly the 
same . 
In regenerat ing l iver , fatty globules begin to appear wi thin the 
first few hours until  the infiltrates almost  fill  the parenchymal cells  
by eight hours ( 1 8 2 , 183 ,  184) . At  the s ame t ime glycogen s tores can 
be s een to fall to very low levels  by 10 hrs and then reappear gradually . 
S oon after partial hepatectomy the mitochondria become swol len , pale  
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are reduced in number ( 18 2 ,  185) . Hydrazine has been shown to produce 
the same his tolog i ca l  changes with the appearance o f  fat drop lets  in 
the p eriportal and midzona l reg ion and the dep letion o f  glycogen deposits  
in the same areas within four hours a fter exposure to the compound with 
both o f  these alterat ions being maximal at 24 hr after hydraz ine admini­
s trat ion ( 1 1 ) . Hydrazine treatment a l so causes early mitochondr ial 
swel l ing (wi thin 4 to 6 hr) with the return to a normal profile  observed 
at 24 hr ( 186 ) . In addit ion , mitochondrial generation o f  ATP is s t imu­
lated ,  accompanied by increased state 3 respiration , phosphorylat ion 
rate , and respiratory control and ADP : O  ratios in mitochondria isolated 
from the l ivers o f  animals  17 hr a fter partial hepatectomy or 24 hr 
a fter hydraz ine treatment ( 1 8 7 ) . Fina l ly ,  the magnitude o f  increases 
in protein , RNA and DNA content and protein biosynthes i s  fol lowing 
hydraz ine treatment ( 3 1 , 34 , 188)  have been shown to be comparable  to 
tho s e  fol lowing partial hepatectomy ( 18 0 ,  1 8 2 ,  189) . 
In regenerating hepatic  tissue from rats , there is  a long p eriod 
of over 12 hr before a sudden burs t of incorporation o f  labeled 
precursor (3H- thymidine) into DNA is obs erved which p eaks at 24 hr and 
gradual ly decl ines ( 1 80) . A rise in the rate o f  RNA synthesis  of two 
to three- fold that o f  controls is  observed wi thin the firs t  three to 
s ix hours and then p er s i s t s  ( 180) . A net increase in hepatic protein 
is not detectable unt i l  about twelve hours , with the most  rap id rate 
of synthes i s  being from 1 2 - 36 hr fol lowing partial hepatectomy ( 180) . 
Rates o f  synthesis  for DNA and RNA have not been reported fol lowing 
hydraz ine treatment ; however ,  prel iminary resu l t s  in our l aboratory 
indicate that there app ears to be a decrease in incorporat ion o f  
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l abeled precursor into RNA in the early s tages (4 hr) fol lowing hydra-
zine treatment ,  after which there is an increased incorporation of  
precursor into  RNA in rat l iver (1 90) . 
In addi tion , s tud ies reporting the activi ties of the enzymes 
involved in ornithine metab� l i sm revealed changes in activit ies of 
s imi l ar magni tude , though fo l l owing a different time- course , as 
obs erved in the present s tudy . Arginase and OTC activities were 
decreased with a maxima l change ( 23% and 52%,  respectively) obs erved 
four days a fter part ial hepatec tomy ( 1 9 1 ) . OTA activity also  was 
reported to be decreased fol lowing partial hepatectomy , al though the 
time tha t thi s  change occurred and the percent of change were not 
reported ( 1 68) . 
Some add itional general obs ervations resul ting from the present 
s tudy cou l d  support this  divis ion of  the response to hydraz ine treat­
ment into " degenerat ive" and "regenerative" phases . The ini tial 
decreases in obs erved PDC and arg inase activities might be due ,  in part , 
to  the general ized catabo l i c  effect soon after the animals  rece ived 
hydraz ine . Thes e  enzymes returned to at l east  basal leve l s  at a l ater 
s tage in the response to hydraz ine . The e l evat ion o f  many of the 
amino acids , two hours fol lowing hydraz ine treatment (Tab le  II) , tends 
to add further support to the postulation of the early genera l ized 
catabol i c  e f fect  re ferred to above . Thus , these obs ervat ions and the 
biochemi cal and morphological events in response to hydrazine treat­
ment together with those related to l iver regeneration fol l owed partial 
hepatectomy , present the pos s ibil i ty that hydrazine might be producing 
a " chemical"  partial hepatectomy which may in turn exp l ain the hydrazine-
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induced al terat ions des cribed in thi s  study . 
In the preceding discussion ,  there have been several exp lanations 
for the observed al terations in hepatic ornithine metabol ism in respons e 
to hydraz ine trea tment . In reviewing the ef fects of hydraz ine , one could 
speculate  tha t these e ffects may be mediated , at l east  p art ially ,  through 
the act ion of growth hormon e .  S t imul i  for the secret ion of growth hormone 
by the p i tuitary g l and are pre sent in the hydraz ine- treated anima l . 
Al though the fast ing state is reported to caus e a sl ight increase in 
p l asma growth hormone leve l s , th is increase would  occur in both control 
and hydrazine- treated animal s .  However , hypog lycemia resul ts in a marked 
( 2 5  to SO- fold) rise  in p lasma l eve l s  of growth hormone wi thin 30 min in 
humans ( 1 92) . Underhi l l  (9 )  firs t described the hypog lycemic e ffect o f  
hydrazine i n  dogs and rabb its  and a s imi l ar e ffect was later shown in 
the rat (23) . Growth hormone has been shown to increase incorporat ion 
o f  amino acids into protein and to increase l ipid mobiliza tion ( 1 9 2 ) . 
Fausto ( 1 30)  demons trated that ODe activi ty wa s enhanced twenty- fold 
at three hours after intraperitonea l inj ection of growth hormone 
(0 . 55 unit ) . In his study , s imultaneous inj ection of puromyc in, an 
inhib itor at the trans lat ional  step in protein syn thes is , bl ocked the 
e ffect of the hormone . However , Ac tinomycin D (0 . 8  mg /kg)  wa s wi th-
ou t e f fect on the growth hormone- induced enhancement of ODe activi ty 
when given concurrently with the hormone , but wa s shown to bl ock the 
increase in ac tivity when given 20 min prior to hormone treatment . I f  
part of the respons e to hydrazine treatment were due t o  the release o f  
growth hormone by the p i tuitary , the administration of Act inomyc in D 
a t  the same time as hydrazine would be comparable  to the inj ect ion of 
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Act inomycin D 20 min before growth hormone in the study cited above . 
Under the se condit ions the resu lts  reported in Table VII for 
Act inomyc in D treatment of the hydrazine- treated animals  are s imi lar to 
the response obs erved by Fausto (1 30) after treatment with growth 
hormone and Actinomycin D .  Thus , the presence of an adequate stimulus 
for the release of growth hormone and the s imi larities  of the alterat ions 
due to growth hormone to those changes induced by hydrazine treatment 
sugges t that this proposed mechanism of act ion should be considered 
for hydraz ine o 
Al though the speci fic mechanism of action for the hydrazine­
produced changes in ornithine metabol ism is not known , the observed 
alterations in hepatic  ornithine and polyamine concentrations seemed 
to be a re flect ion of changes in enzyme activities or enzyme level s .  
I t  has "become evident that the mechanism of regulat ion o f  met abol ism 
invo lves an ongoing proce ss of protein turnover to which mos t  proteins 
are subjects"  ( 1 9 3 ) . Ra tner ( 193 )  proposed that , in the case of arg inas e ,  
any increas e  o f  enzyme l eve ls  during s tarvat ion or while  being fed a 
high ( 7 0%) protein diet i s  mediated primarily through an increase in 
b iosynthes i s  since the rate of degradation did not change . However , 
thi s i s  in oppo s i tion to a report by Schimke ( 1 63)  who obs erved that 
the rate of biosynthesis  of arginase during fast ing was re la tively 
constant and the increased arg inase leve l s  were due to a cessat ion of 
protein degradation .  However , one could propose that the observed 
increas e  in ODe activity and pos sibly the ac tivi ties of other enzymes 
in the p res ent s tudy might be the end resu l t  of the stabi lization o f  
the mRNA temp l ate coding for the individual enzyme . Rus sell  et al . ( 1 05)  
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showed that there was no di fference in the hal f- l i fe of ODC from normal 
or regenerating l iver fol lowing partial hepatectomy . This  finding 
would indicate that more enzyme was being synthesized rather than 
there being a decreased inact ivat ion of ODC . If each mRNA template 
coding for ODC were s tab ili zed , a greater number of "ODC enzyme proteins" 
might be synthes ized against each mRNA temp l ate through the trans lational 
process  of protein biosynthesis . The possibi l i ty of the polyamines bind­
ing to nucleic  acids has been shown in vitro , and the imp l icat ion has 
been made for their role in the metabol ism of RNA ( 1 08 ) . A precedent 
for the presence of mRNA temp l ates for individual enzymes having di fferent 
hal f- l ives has been reported in a study comp aring the hal f- l ives o f  
various mRNA temp l ates in normal l iver with tho se from hepatomas ( 1 94) . 
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SUMMARY 
I t  was the intent of this study to de l ineate the al terations in 
hepatic  orni thine metabol i sm whi ch would exp lain the increased hepatic 
orni thine leve l s  a fter hydraz ine treatment previously observed in our 
l abora tory.  In at temp ting to accomp l ish thi s  task , the activities of 
hepatic  enzymes catalyz ing the biosynthes is , interconvers ion an d 
degradat ion of orni thine were examined at various t imes af ter adminis tra­
t ion of hydraz ine . The extraordinary e l evation of ODe in re sponse to 
hydrazine treatment directed the investigation to inc lude alterations 
in pol yamine l evel s  in respons e to hydrazine treatment in order to gain 
greater ins ight into the role of ODe in hepatic metabo l ism.  The prin­
c ip l e  findings in this thesis  that can be ascribed to hydrazine treat ­
ment are des cribed below .  
Endogenous hepatic  orni thine leve l s  were shown t o  b e  elevated a t  
1 2  hr i n  sup ernatant preparat ions ( 1 000% of control )  and a t  24 hr in 
homogenate preparat ions (600% of contro l ) . Thi s  increase seemed to be 
a resu l t  of an imbalance in hepatic ornithine metabol ism. Hepatic 
arg inase activity was found to reach its nadir at 4 hr ( 70% of control ) .  
Thus , arg inase did not appear to be responsible  for the inc re ased 
ornithine l evel s .  Hep at ic  orni thine i - transaminase activity was 
decreased (40% of control )  at 4 hr and thi s l evel of activity was 
sus ta ined throughout the 24 hr period examined . Hepatic ornithine 
trans carbamylase activity was shown to be decrea sed maximal l y  at 12  hr 
(40% of control ) .  The decreased activi ties o f  these two enzymes offers 
an exp l anat ion for the increased hepatic ornithine l evel s .  The increase 
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in ODe activi ty which reached a maximum at 4 hr (1 500% of control )  was 
not though t to influence signi fi cantly the levels  of hepatic orni thine 
due to the greater relative activities of the other enzymes involved . 
Thi s  i ncrease in ODe activi ty was fol lowed by sequential elevations in 
to tal endogenous hepatic  putrescine and sp ermidine level s .  The total 
endogenous hepa tic sp ermine leve l s  were not al tered excep t for a 
minimal decrease a t  48 hr . 
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